Thermal analysis of the Wire and Arc Additive Manufacturing
process using the F.E. method

]
TU Delft Author: R.N. Veenstra




Thermal analysis of the Wire and Arc Additive Manufacturing
process using the F.E. method

By

R.N. Veenstra

in partial fulfilment of the requirements for the degree of

Master of Science
in Mechanical Engineering
Materials Engineering & Applications

at the Delft University of Technology,
to be defended publicly on Friday August 25, 2023, at 2:00 PM.

Student number: 1368109

Supervisor: Dr.ir. M.J.M. Hermans, TU Delft
Thesis committee: Dr. V. Popovich, TU Delft
Dr.ir. C. Goulas, University of Twente

An electronic version of this thesis is available at http://repository.tudelft.nl/.

]
TUDelft


http://repository.tudelft.nl/

Acknowledgements

With this master thesis | conclude my study Mechanical Engineering at the University of Technology in Delft.
Throughout my studies | have become interested in welding technology, as it combines the technical fields of
mechanical engineering and materials science.

The completion of this thesis was at times challenging, | would therefore like to thank the people that supported
me during this period.

First of all, | want to express my gratitude to Dr.ir. Marcel Hermans for your support during this research project
and a previous project on the topic of welding parameter optimization to Improve the productivity and prevent
welding defects in the transition to welding of thick-walled structures. In this regard, | also want to acknowledge
Prof.Dr. lan Richardson. It gave me the opportunity to do research in a topic in which | am very interested. | have
always appreciated the discussions as they provided useful insights and guidance, and motivated me to become
more experienced in the subject of computational mechanics and materials science.

In addition, | want to thank Dr.ir. Constantinos Goulas for your encouragement during this research project and
your support to implement the cooling method in an experimental setup and develop a method to study the effect
of the cooling methods on the microstructure of the deposited material in the wire and arc additive manufacturing
process. Hereby, | also want to acknowledge the people of the MSE department, in particular the lab technicians
Jurriaan van Slingerland and Remko Seijffers. Further, | appreciated the meetings with Vamsi Paruchuri to explore
the most suitable techniques to describe the temperature field that is experienced in the wire and arc additive
manufacturing process using the F.E. method.

In conclusion, | want to emphasize that the past period has been very valuable to me. | look forward to sharing my
experiences and taking on new challenges.

Delft, University of Technology R.N. Veenstra
August 2023



Table of Contents

ACKNOWLEDGEMENTS .....cccieiiiiiiieiiiiieeeieieiesesesssssasasasasasssssssssssssssssssssssssssnsssnnnnnssssssssssssssssssssssssssssssssssssssessssssssssss 1l
ABSTRACT ...uuuuuuuunenenmennmererereremrreririiisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssss 1
1 INTRODUCTION....ccuuuuuuuusunnsnsnensesesesesesessnesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssssses 2
1.1 BACKGROUND ..ciitreeeuuuesssssssierenssssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnsssssssssses 3
1.1.1 WIRE AND ARC ADDITIVE MANUFACTURING PROCESS ...ettvuuneeeruuineertruneeeesunseesennseeessneeersnnnseesssnnseessnnneeeesnnnns 3
1.2 RESEARCH OBJECTIVE ..uueeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnsns 7
1.2.1 RESEARCH METHOD ...eeietttttutiiieeseeeseetuustnseseeeseeesssssssneeeeseessssssnnsssesesesssssssssnsseeeeesessssssnnnneeeesseeesssssnnn 7
1.3 RESEARCH OUTLINE .eeuuuussssessererenssssssssssssssrsssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssssssssssssnsnsnsnsssssssssns 8
1.3.0 THERMAL ANALYSIS. ceeteteetetreeteseteeeeeeaeaaaaaeaaaeaaaaaeaaaeasssseaasaaasaaasnssnsnsssnsssssnsnssssssssssssssesesssesssesseererereseeeees 8
1,302 RESEARCH TASKS ..ueeeeeeetttttutiisseeeeeeeettutuaaaeseeeeeeeaetbas e s seeeeeeaeebaaa s seseeeeeeeaba b aeeeeeeeeeenananaeeeeeeeanennnnnnn 9
2  EXPERIMENTAL SETUP ....cccuuuuueeeeeeeeeeeeeeeeeaeeeeeeeseeeemeeeseesensssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssnsnsnnssssssssassns 10
2.1  PROCESS PARAIMETERS ...ctteuessrensssssnssnsssssnsnssssssnsssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnsssssssansssssnnnssss 11
2.1.1 MATERIAL DEPOSITION ttttuuuneeseeteettuntuuuneseeeeeeseassaasaeseeeseeessssnsannseessesssssnnansesesessssssnsnnseeeeeesmemnnsnnnnens 12
2.1.2 TEMPERATURE MEASUREMENT ..ttttttttuuineeseeeseetuutsunnaeseeeseeessssssaaseeessessssssssnssesessesssssssnnneeseeeesssmmssnnnnees 13
2.2 EXPERIMENTAL MEASUREMENT ceuuuueuieeseneesnsnessssssssssesssssssssssssssssssssssssssssssssssssnssssssssssssssssssnssssssssssssssnsnnsssssssssssns 14
2.2.1 CURRENT AND VOLTAGE MEASUREMENT ..c.vvtrtrtreereereeeeeseeeaeaeaaaeaaaaaeaaaaaaaaaasesasasasaassaasssssnsnsssnssssssssssssnsnnes 14
2.2.2 TEMPERATURE MEASUREMENT ....tttttttuuineseeeeetttnttuuaeseeeeeetanssnnassseeeeeseessnnaaseeesessnetnnnaseeeeeesensnnnnnseess 17
2.2.3  DATA ACQUISITION tttttuutuuueseeeetettuatuneseeeesseesasssaaseseeeseeessssnnasseesseessssssnnsesesessmstnnnnneeeeseesmmmmmnens 20
2.3 GIVIAW PROCESS..c.uuuuuuiiettreensnssssssssssssmmmssssssssssssssnsessssssssssssssnsnsssssssssssssssssssssssssssssssssssssssssssssssssssessssnssssssssssans 21
2.3.1 METALTRANSFER MODES ... ueettettettuutuninaeeeeeseesuusnneseseeeseeeassssnanseeesseesssssssnsseseseesssssssnnneeeeseesssmsssnnnsens 22
2.4 IVIICROSTRUCTURE c..uuuuutsetireessnssssssssssssmssssssssssssssssnsnsssssssssssssssensssssssssssssssssssssssssssssssssssssssssssssssssssessssnsssssssssnans 25
2.4.1 MICROSTRUCTURAL CHARACTERISTICS 1etuuuueseeetetruunnuunneseeessetuusunsnaseeessesssssssnnssesesssssssmnnnnnseeesesssnssssnnnnees 25
3 F.E. IVIODEL ...uuuuuuuuuunnnnnnnnnnnnnsnsnsesnsnsnsesesessnessrssssissssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 29
3.1  GOVERNING EQUATIONS .ceereeruussssssssssssnenssssssssssssssrsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssses 30
3.1.1 GOLDAK HEAT SOURCE IMODEL ...ttetvuutuueneseeesetsuussennaeseeesessssssnsnnsseessessssssssnnseeeesesssssmssnnnseeeeesesmmmmnnnens 31
3.2 F.E. HEAT SOURCE IMODEL...eeeeeuueesssssssssneesnssesssssssssnesssssssssssssssssssssssssssssssssssssnssssssssssssssnsssnssssssssssssssnsnnsssssssssssns 32
3.3 F.E. MATERIAL IVIODEL...ceeeeiesesessssessssssssssssssssssssssssnsssnsnssnsssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssssssssssnnsns 33
3.3.1  IVIATERIAL DEPOSITION ..ttvtvvvtvvtvsstreeeeeseseseeeeeseeeeeeeeseesetesesessesesessessessesssssssssssssssssssssnsssnsnsnsnsssssssssnssssnses 33
3.3.2  IMIATERIAL PROPERTIES tvvvvuuuneeeeeetetuussuunneseeeseesussssnneseeesessssssssnnnsseesssssssssssnnseeessssssssssnnseeseseesssmsssnnnsens 35
3.4 THERMAL BOUNDARY CONDITIONS ....ceetttreeenuuesssssssssrenssssessssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssnsssnnsssssssssssns 36
3.5 TEMPERATURE MEASUREMENT POINTS ..cceeieessssssssssssssssssssssssssssnsssnssssssnsnssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 37
3.6 F.E. MODEL CALIBRATION ..ceeeeeuuuesssssssssnenssssesssssssssneesssssssssssssssssssssssssssssssssssesssssssssssssssnssssssssssssssssnesssnsssssssssssns 38
3.6, 1 ARCEFFICIENCY . uuitetttttuttuiaeeeeeeeettaetaaaeseeeseeeaassaaa s seeeeeesssaaa e sseeeeeessesssaaseeeaeessstannnseseeenssessssnnnenns 38
3.6.2 THERMAL BOUNDARY CONDITIONS ..evvvtuuuueeeeesersuussnnneeeeessssssssnnnaseeessssssssssnnneeessssssssssmsnseesessessssmmmmnneeens 39
4.6.3  HEAT SOURCE PARAMETERS ..etvtttuuueseeeeeetttttssinsseeeesessssssssanasseeeseesssssannsseseseesssssssnnnseeeesessessssnnnneeseeeeenes 40



4 RESULTS AND ANALYSIS...c000utiiieesnnnereniiesssssnsseesissssssnsseessssssssnsssesessesssnssssesssssssnssssessssssssssssssesssssssnssssessssssansss 41

4.1  TEMPERATURE VALUES ..ccevuueusessesssrsneenssssssssssssnsrenssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssnsnnns 42
4.1.1 EXPERIMENTAL TEMPERATURE VALUES ....uuuuuuuuuuueuenenensssnsssssnsssesssssssesseseeessesseeeseeeseseaeaeaeeseeeeeeeaeesesesnsnnnss 42
4.1.2 F.E. MODELTEMPERATURE VALUES ...tttuutettttieeetuuneestunneeeessunsesessunsessssnnseeessnnseesssnnsessssnneeeessnnsesesnneessnnn 43
4.2 THERMAL CHARACTERISTICS tetttttteteesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 46
B.2. 1 OVERVIEW ...itttiiitiiee e e e ettt ettt e e e e e e e ettt tbae s e e e e e et e et eaba s e e e e e et e eeee b b a e e e e e e e et ae e baa e s eeeeeeeeeebnnnnnaeeeeeranes 46
4.2.2 TEMPERATURE DISTRIBUTION t1ttttuuuseeeteettutusuuusseseesessssnssnnsseseeesssssssssnsnssseessesssssssnnnseeeesesssssssnnnneeeeeessnes 49
4.2.3 THERMAL CYCLE PEAK TEMPERATURES ...ttt tttttieeetttieestttaeeessunseeessansesessnneeessnnseesssnnseesssnneeeessnnseeesnneessenn 52
4.2.4 THERMAL CYCLE THROUGH TEMPERATURES ..uuuuuuuuueuenennnnnnnensnsnsssssssssseseseeeseeseeeseeeeeeseseseaeseeeeeeeeeeeeesesssnanns 53
B.2.5  COOLING RATE .uuuetttuueeetttieeettuueestsuaeeeettaseeetesansessasaseeesuneeassuneeessaneeeessnseeessnnseeessnneeeessnnseesssneeresnn 55
4.2.6 TEMPERATURE GRADIENT .. tttttttuuuieseeeeeettttusuiaseseeeesetsansnaasaeseeeseesssssanneseeeeeessssssssnsseeesesssesnnnnnneeseeeeanes 57
A.2.7 CONCLUSIONS ...uettttieeeettieeeetui e esetuaeeeettaeeesauasesaasaeeeetanseeassaaeeessanaaaesansaesssnnseesssnseeessnnseesssnneereenn 60
4.3 IMIICROSTRUCTURE ...cttttrerssssssssssssssssenssssssssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssnsnnne 62
4.3.1 MICROSTRUCTURAL CONSTITUENTS «.ttttuneettuuneeetenuneertunneeessunseeessnnseesssnnseesssnnseesmmnnseesssnnseesssnnseesnnneersnnn 62
4.3.2 IMICROSTRUCTURAL MORPHOLOGY ...t eeteetttttntiiaseeseeetettautiiaseseeeseetssssaaasseeeesesssssnnansseeesasssssnnnnnnseseeerenes 68
4.3.3  HARDNESS VALUES +.uuueeeeetetttttuuunaseeeeseesstssansseeesesssssssssnesaeseessessssssssnssesessessssssssnseeeeeeesssssssnnneeseeesenes 71
4.3.4 THERMAL CHARACTERISTICS tttttttuuueseeeeeettttunuuuseeseeeseeesusunasaeseeeseeessssanneseeeseesssssnnsnssseeeserseesnnnnnneeseeeeenes 74
Z.3.5  CONCLUSIONS «eevvttuuieeseeetettuetuuuaasseeeeesesssssseneeeeeesesssssssesaeeaeessessssssnnsseeeseessssssssnnseesesessssssssnnneeseeesenes 82
5 VALIDATION....ccuuuuuuususssssnsssssssnsnsssssssessssssnsssssssssssssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 86
5.1 F.E. VIODEL VALIDATION tietetetesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnss 87
5.0.1  FLE. MATERIAL IMIODEL. tttttuuueseeestettuettiiaeeeeeeeeesastaaaaeseaeseeeasssas e seeeaeeessssasansaeeaessssssssnseeeesaesssssssnnsees 87
5.1.2 F.E. MODEL MEASUREMENT ACCURACY ...uuuteteteetiutnuuiesseeeeetantuuisasseeseeessstnnanseseseessssnnnnnseseeeessssnssnnnnens 92
6 CONCLUSIONS AND RECOMMENDATIONS......ccccetiiiiiieieieieiesesasssssasasasasasasssssssssssssssssssssssssnsnsnnnnsnsssnsssssssssssans 99
6.1 CONCLUSIONS...ceeeuueenesrsersrnrrrnsnesssssssssmmmesssssssssssssssmeessssssssssssssnsesssssssssssssssssrssssssssssssssssnessssssssssssssssesssnsssssssss 100
L It R e 1Y T ] o] = OO PPPPPPTPTTR 100
6.1.2  IMIICROSTRUCTURE ..etttttttutuuneeeeeesseuusssnneeeeessssssssssnsaaeeeesssssssssnaseeeessssssssssnnsseeeeessssssssnnseeseessesessssnnns 101
6.2 RECOMMENDATIONS ..ouceeerrrreensuesssssssssssrsnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssnsssssssss 102
L R e o Y To ] o 1 PSPPI 102
6.2.2  COOLING METHOD...cetttttuuuuuneeeeeetttttnnuuieeseeesteeassnaaaaseeeeseeaessanaseeeeetesssnsannnseseeesesssnnnnaeseeeeeeesnsnnnns 102
6.2.3  IMIICROSTRUCTURE ..1ettttttutuuseeeeeseerutssaneeseeessssssssssnsaeeeaessssssssssnnseeesssssssssssnnsseeesessssssssnnseeseeesseessssnnns 102



BIBLIOGRAPHY ...ccciiiiiiiiiiiiiniiiiinnnnnnnnnnnnnnsnssnsnsnsnssssnsssnsnsssnsnsnsssssssesseeeeeeeeeeieeeieieieieisisissssssssssssssssssssssssssssssssssssnsss 103
APPENDICES ......cccooutttiiiiienunnneneniiesisnsnnieeiississsnsseersssssssnsssteessesssssssseessssssssnsssseessessssssssesssssssssnssesssssssssnssssesssssssnsns 108
APPENDIX A.1 EXPERIMENTAL SETUP: CONTROL SCRIPT CNC MACHINE....cciiesssmmmrerisssssnnneeennsscsssnnnnnensssssannns 109
APPENDIX A.2 EXPERIMENTAL SETUP: EXPERIMENTS .cccttiiiiinnrieriniiisnnineeiiiscssnnnnienisessssnneeeisssssssssnseesssssssnsns 110
APPENDIX A.3  EXPERIMENTAL SETUP: F.E. MODEL....cciiiiiiiinnnnnnteintntntntnentniniiiinensssssesesssssssssesssseses e sssese s 111
APPENDIX A.4 EXPERIMENTAL CURRENT AND VOLTAGE VALUES ...ttt 112
APPENDIX B.1 EXPERIMENTAL TEMPERATURE VALUES ..ttt ss s 113
APPENDIX B.2 F.E. MODEL TEMPERATURE VALUES ...ctiiiiiiiinnnntntnnnnnnnnnnnnininnninsiisseseseseseeeeeneenenessssssssssssens 114
APPENDIX B.3 F.E. MODEL TEMPERATURE VALUES: LAYER 1 ..cciiiiiiiiinnnieiinsicsnnnnniennnssinnnnneeissssssnnseessssnsnnns 115
APPENDIX B.4 F.E. MODEL TEMPERATURE VALUES: LAYER 5.uuuiiiiiiiiiinnieiiniicnnniinieenissinnnnieeissssnssmeseessssnsnnes 116
APPENDIX B.5 F.E. MODEL TEMPERATURE VALUES: LAYER 10 ...uuuuuuunnnnnnnnnnnnnennnninininieieiessiseseseseseseseesenesesenens 117
APPENDIX C.1 TEMPERATURE DISTRIBUTION COMPONENT ...uuuueietetitntnnnetiiiiiiniiiinisssesesessseseseesesesss e sessse s 118
APPENDIX C.2 TEMPERATURE DISTRIBUTION COMPONENT ...uuuueunetetnnnenenentiiniiiiiiiiiiseesssesesesessesesessssssssssssesens 119
APPENDIX C.3 TEMPERATURE DISTRIBUTION COMPONENT. TEST CASE L..cccuuumrmrmirieinieneneneneieeeneinininieinininnens 120
APPENDIX C.4 TEMPERATURE DISTRIBUTION COMPONENT. TEST CASE 5..cciiciurriiiriisiinnnneesnnsssssnnnnenenssssssnnns 121
APPENDIX D.1 TEMPERATURE GRADIENT LAYER 1. TEST CASE L..citiieessumrieeinisssnnnnneninisissnnnneennsssssnsnssesssssssnans 122
APPENDIX D.2 TEMPERATURE GRADIENT LAYER 1. TEST CASE 5.ccttiieissunnrierinisssnnnnieninsscssnnnneenissssssnneesssssssnnns 123
APPENDIX D.3 TEMPERATURE GRADIENT LAYER 10. TEST CASE L...uuuuuiiieneimtnneeeieieieinneisissssssseseseneesesesesenens 124
APPENDIX D.4 TEMPERATURE GRADIENT LAYER 10. TEST CASE 5..uuuuuuuetetetetntennnninieneinnssssssseseseneneesenesenenens 125
APPENDIX E.1 HARDNESS MEASUREMENT VALUES ...ctiiiiiiiitinieittntntnnnnnnnnnnenenisnnsssesssesessneneseesenessssssssssssens 126
APPENDIX F.1  CALIBRATION ERROR F.E. MODEL u.cuuuutiiiiriiisinnniiriiisinnnieniniissssnsiesiimssssisesisssmssssssesssssane 127



Abstract

In this research, a thermal analysis of the wire and arc additive manufacturing process is presented based on the
F.E. method. The F.E. model that is presented in this research allows to describe the temperature field that is
experienced by both the component and the deposited material in the wire and arc additive manufacturing process.

In the wire and arc additive manufacturing process a component is produced by the subsequent addition of layers
of metal using a moving welding heat source. An important aspect of the wire and arc additive manufacturing
process is the temperature field that is experienced by the component, characterized by the periodic thermal
cycling of the temperature values. The locally varying temperature field affect the microstructural transformations
and the microstructural morphology of the deposited material that constitutes the component. In this regard, the
temperature field has a significant effect on the stress distribution, microstructure and the mechanical properties
of the component. Without the control of the temperature field that results from the the wire and arc additive
manufacturing process, the stress induced deformations result in a poor dimensional accuracy, a poor surface finish
and the loss of the structural integrity. Further, the formation of undesired microstructural characteristics is
promoted without the adequate temperature control causing the deterioration of the mechanical properties.

Two cooling methods are proposed to control the heat dissipation from the component to the environment based
on the application of an interlayer waiting time and immersing the component into a cooling medium. The effect
of the cooling methods is studied by reviewing variations of the cooling methods using five test cases, considering
variations of the cooling methods defined as natural cooling, active substrate cooling and active component cooling.
The wire and arc additive manufacturing process is implemented in an experimental setup and the F.E. model,
whereby a multilayer weld deposit is deposited on top of a stationary component base wall. The effectiveness of
the cooling methods is evaluated in terms of the temperature field that is experienced by the material constituting
both the component and the multilayer weld deposit. While the microstructure that results from the application of
the cooling methods is evaluated regarding the deposited material constituting the multilayer weld deposit.

An important quality of the F.E. model that is presented in this research is to describe the temperature field that
is experienced by the deposited material in the wire and arc additive manufacturing process. In contrast to the
traditional method of monitoring the substrate temperature, the F.E. model allows to describe the temperature
field that is experienced by the deposited material that constitutes both the multilayer weld deposit and the
component. Accordingly, the F.E. model is capable to describe the effect of the locally attained temperature field
on the microstructure of the deposited material constituting the multilayer weld deposit in terms of the thermal
characteristics including the temperature distribution, the locally attained temperature values, the cooling rates
and the temperature gradients throughout the component.

The results show a significant effect of the cooling methods on the temperature field that is experienced by the
material constituting both the multilayer weld deposit and the component. Indicating that the cooling methods
that are proposed in this research are effective to control the microstructure and the temperature field that is
experienced by the component in the wire and arc additive manufacturing process. The resulting microstructure is
characterized in terms of the microstructural morphology and the microstructural constituents, using optical
microscopy based on the average grain size and the distribution of alloying elements throughout the material
constituting the multilayer weld deposit. In addition, the average grain size and the distribution of the alloying
elements throughout the material are evaluated in terms of the hardness values.



1 Introduction



1.1 Background

In this research, a thermal analysis of the wire and arc additive manufacturing process is presented based on the
F.E. method. The F.E. model that is presented in this research allows to describe the temperature field that is
experienced by both the component and the deposited material in the wire and arc additive manufacturing process.

1.1.1 Wire and arc additive manufacturing process

This research focuses on the wire and arc additive manufacturing process whereby an arc welding heat source is
used for the production of components by the subsequent addition of layers of material, as illustrated in Figure 1.

Welding heat source

.

New layer

\

Weld pool

Arc
Component ___

Substrate

Figure 1: Schematic representation of the wire and arc additive manufacturing process [1].

The wire and arc additive manufacturing process is a promising technique to manufacture medium to large-scale
metal components that are expensive to manufacture with conventional production methods (e.g., milling, casting)
[2], [3]. Therefore, the wire and arc additive manufacturing technology has a great potential to produce complex
near-net-shape metal components on-demand. In addition to the increased production efficiency and cost-
effectiveness, the wire and arc additive manufacturing technology enables to improve and optimize the design
of metal components that cannot be achieved with conventional production processes [4], [5]. As an example,
three components that are produced by the wire and arc additive manufacturing process using computer aided
design, are shown in Figure 2.

(2] [b]

Figure 2: Components that are produced by the wire and arc additive manufacturing process. [a] Hollow propeller blade, NiBrAl;
[b] Robot arm with optimized topology, stainless steel 316L; [c] Rocket Thruster with added functionalities, stainless steel 308L [6].



1.1.1.1 Metal additive manufacturing processes

The metal additive manufacturing processes using the direct energy deposition method are categorized based on
the energy source and the material that is used for the material deposistion, as shown in Figure 3.

Electric arc

Laser

Electron beam

Wire

Powder

e ]

Wire laser Laser Laser Electron beam Electron beam Wire and arc
additive manufacturing powder bed fusion metal deposition metal deposition powder bed fusion additive manufacturing
(WLAM) (LPBF) (LMD) (EBMD) (EBPBF) (WAAM)

Figure 3: Classification of the metal additive manufacturing processes based on the energy source and the material deposistion [7].

In the laser-based and electron beam-based additive manufacturing processes, the material is either supplied in
the form of a metal powder or a metal wire. The laser-based and electron beam-based processes are superior in
terms of a dimensional accuracy. However, the application of these techniques is restricted due to the high costs
and the low process efficiency [2], [4]. Accordingly, these techniques are suitable for the production of small
complex shaped components with a high geometrical complexity [3].

In the wire and arc additive manufacturing (WAAM) process, an electric arc welding process is used for the material
deposition. Accordingly, both the heat input and the material deposition are governed by the arc welding heat
source [1]. The high deposition rate and the high process efficiency of the arc welding heat source allows to
produce components with a low to medium geometrical complexity [4]. In this manner, the wire and arc additve
manufacturing process allows to produce complex near-net-shape components with a good surface finish and
good material properties [2], [5]. Another important aspect of the wire and arc additive manufacturing process
is the broad range of materials that is available for the arc welding process including aluminium, steel, bronze, and
copper-based alloys [3], [4]. A comparison of various metal additive manufacturing processes, is shown in Figure 4
and Table 1.

Complexity —— LPBF
. — EBPBF

Build rate Accuracy LMD
8 = WAAM

Maximum Build Surface finish
volume
0
Overall cost
Platform flexibility savings

Mechanical

properties Material utilisation

Post processing
requirements

Figure 4: Comparison of a selection of metal additive manufacturing processes [8].



Table 1: Technical characteristics of various metal additive manufacturing processes [8].

LPBF EBPBF LMD WAAM
Energy [W] 100 — 1000 ~ 3500 ~ 500 — 3000 2000 — 3000
Process efficiency [—] 2% —-5% 15% — 20 % 2% —-5% 70 %
Dimensional accuracy [mm] + 0.04 + 0.05 +0.13 +0.2
Build rate [kg/h] 0.1-0.18 0.26 — 0.36 0.1 -10.141 0.5-04
Maximum Build volume [mm?3] 500 x 350 x 300 200 x 200 x 180 900 x 1500 x 900 Unlimited
Layer Thickness [um] 20 —100 ~ 100 500 — 1000 1000 — 2000
Surface Roughness [um] 4-11 25—-35 20 =50 500
Minimum Build size [pm] 40 — 200 100 150 — 200 2000

As shown in Figure 4, the wire and arc additive manufacturing process is superior compared to the laser-based and
electron beam-based processes among other aspects in terms of process efficiency, deposition rate, process
flexibility, material utilisation, mechanical properties and the maximum component size [8].

1.1.1.2 Challenges

An important aspect of the wire and arc additive manufacturing process is the temperature field that is experienced
by the deposited material that forms the component. In the wire and arc additive manufacturing process, both the
heat input and the material deposition are governed by the arc welding heat source [1]. Accordingly, the component
is subjected to a non-linear temperature field that is characterized by the periodic thermal cycling of the
temperature values [9]. The locally varying temperature field affects the resulting microstructure of the material
constituting the component. In this regard, the temperature field has a significant effect on the stress distribution,
microstructure, and the mechanical properties of the component [5], [3].

Without the control of the temperature field that results from the wire and arc additive manufacturing process, the
stress induced deformations result in a poor dimensional accuracy, a poor surface finish and the loss of the
structural integrity of the component [10], [11]. Further, the formation of undesired microstructural characteristics
is promoted without the adequate temperature control causing the deterioration of the mechanical properties [5],
[2]. Although the components that are produced by the wire and arc additive manufacturing process possess high
density and excellent strength properties, the components are prone to high residual stresses and distortions due
to the high heat input and the high deposition rates that are associated with the arc welding heat source [12]. As
an illustration, the loss of the structural integrity that can occur as a result of poor temperature control in the wire
and arc additive manufacturing process, is shown in Figure 5.

Figure 5: Thin wall twist bottle produced by the wire and arc additive manufacturing process. [a] Natural cooling; [b] Active
substrate cooling [13].



In previous studies different methods are proposed to control the temperature field in the wire and arc additive
manufacturing process. The most common approach is through the application of an interlayer waiting time,
defined by either a fixed idle time or a fixed interlayer temperature [14], [15]. Another method is the application
of a cooling medium to increase the heat dissipation from the component to the environment. The cooling medium
can either be applied in the form of a cooling gas that is aimed at the deposited material or by immersing the

component into a cooling medium .

The use of a cooling medium to increase the heat dissipation from the component to the environment allows to
control the temperature field that is experienced during the deposition process of the wire and arc additive
manufacturing process. Hence, the resulting microstructure and the mechanical properties of the deposited
material that forms the component can be controlled, and the thermal induced residual stresses and distortions
can be mitigated [16]. Further, the productivity of the wire and arc additive manufacturing process can be improved
by reducing the interlayer waiting time while maintaining a high deposition rate [2].

This research aims to provide a better insight in the locally attained temperature field and the effect on the
resulting microstructure of the deposited material in the wire and arc additive manufacturing process. Although
various studies are available on the numerical simulation of the thermal analysis of the laser-based and electron
beam-based additive manufacturing processes. The thermal analysis of the wire and arc additive manufacturing
process is currently still developing as a research topic [2], [11]. In this research, two cooling methods are proposed
to control the heat dissipation from the component to the environment based on the application of an interlayer
waiting time and immersing the component into a cooling medium. A schematic representation of the heat input
and the heat dissipation in the wire and arc additive manufacturing process considering both natural cooling and
the application of a cooling medium, is shown in Figure 6.
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Figure 6: Schematic representation of the heat input (Q;) and the heat dissipation (Q ) in the wire and arc additive manufacturing
process, based on [17]. [a] Natural cooling: substrate; [b] Natural cooling: component; [c] Active substrate cooling; [c] Active
component cooling.



1.2 Research objective

The main objective of this research is to provide a thermal analysis of the wire and arc additive manufacturing
process using the F.E. method. Two cooling methods are proposed to control the heat dissipation from the
component to the environment based on the application of an interlayer waiting time and immersing the
component into a cooling medium. The effect of the cooling methods on the temperature field and the resulting
microstructure is evaluated by reviewing variations of the cooling methods considering five test cases.

1.2.1 Research method

In this research, two cooling methods are proposed to control the heat dissipation from the component to the

environment:

1. Increased interlayer wating time
2. Application of a cooling medium

The cooling methods are evaluated using the followiing test cases:

i Natural cooling

Test case 1: Natural cooling; interlayer waiting time of 40s.
Test case 2: Natural cooling; interlayer waiting time of 80s.

ii.  Active substrate cooling

Test case 3: Active substrate cooling; interlayer waiting time of 20s.
Test case 4: Active substrate cooling; interlayer waiting time of 40s.

iii.  Active component cooling

Test case 5: Active component cooling; interlayer waiting time of 40s.

In the case of natural cooling, the heat dissipation from the component to the environment is accommodated by
free convection to air. While in the case of both active substrate cooling and active component cooling, a cooling
medium is used to increase the heat dissipation from the component to the environment. With regard to active
substrate cooling, the substrate is immersed into the cooling medium. While in the case of active component
cooling, both the substrate and the component base wall are immersed into the cooling medium.

The cooling methods are evaluated by implementing the wire and arc additive manufacturing process in an
experimental setup and the F.E. model. In this research, a multilayer weld deposit is deposited on top of a
component base wall by the subsequent addition of layers of material. The layers of material are added in the form
of single-pass weld layers by the deposition of a metal wire under the influence of a moving welding heat source.

The effectiveness of the cooling methods is described in terms of the temperature field that is experienced by the
deposited material constituting the multilayer weld deposit and the component using the F.E. method. Accordingly,
the F.E. model that is presented in this research is used to describe the resulting microstructure of the deposited
material considering the locally attained chemical composition and the temperature field that result from the
application of the cooling methods as defined in the test cases 1 to 5.



1.3 Research outline

The F.E. model that is presented in this research allows to describe the thermal analysis of the wire and arc additive
manufacturing process, as shown in Figure 7.

F.E. model

Heat input
Welding heat source
= Heat source parameters
= Arc efficiency

Thermal characteristics

Welding parameters Heat dissipation
= Welding current = Radiation ]— Cooling method = Temperature distribution
= Arc voltage = Convection = Thermal cycle peak and through temperatures
= Welding speed Material model = Cooling rate
= Tube-to-plate distance Material elements = Temperature gradient

= Activation method
Material properties
= Specific heat
= Thermal conductivity
— = Density —

Figure 7: Thermal analysis of the wire and arc additive manufacturing process using the F.E. method, based on [18].

In the F.E. model, the temperature field that is experienced by both the deposited material and the component is
described by the three-dimensional heat conduction equation. The heat input that is transferred to both the
deposited material and the component by the moving welding heat source is modelled by the Goldak double-
ellipsoid heat source model. The heat dissipation from the component to the environment is described by both
convection and radiation from the outside surface areas of the component. Accordingly, the cooling methods as
defined in the test cases 1 to 5 are described in the F.E. model in terms of the interlayer waiting time and the
appropriate thermal boundary conditions at the outside surface areas of the component.

An essential aspect of the wire and arc additive manufacturing process is the modelling of the material addition
during the deposition process. In the F.E. model, the material deposition in the wire and arc additive manufacturing
process is modelled using an activation method. In this research, the material deposition is modelled by the
sequential activation of the successive material elements using the quiet element method. Further, the
temperature dependent material properties are included in the three-dimensional heat conduction equation.

1.3.1 Thermal analysis
The F.E. model is implemented in COMSOL Multiphysics version 5.3, the results are processed with MATLAB.

The characteristic temperature field that is experienced by the component in the wire and arc additive
manufacturing process, is shown in Figure 8.a. Representing the temperature values that are recorded by the
physically attached thermocouples in the experiments and calculated at the temperature measurement points in
the F.E. model.

An important quality of the F.E. model that is presented in this research is to describe the effect of locally attained
temperature field on the microstructure of the deposited material constituting the multilayer weld deposit.
In contrast to the traditional method of monitoring the substrate temperature, the F.E. model allows to describe
the temperature field that is experienced by the deposited material constituting both the multilayer weld deposit
and the component. As shown in Figure 8.b, the temperature values that are calculated in the F.E. model can be
related to the microstructural transformation temperatures to define the resulting microstructure of the deposited
material in the wire and arc additive manufacturing process considering a simulated multilayer weld deposit.
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Figure 8: Characteristic temperature field of the wire and arc additive manufacturing process. [a] Substrate and component base
wall; [b] Deposited material: multilayer weld deposit.

The F.E. method that is presented in this research allows to describe the effect of locally attained the temperature
field on the microstructure of the deposited material constituting the multilayer weld deposit. Accordingly, the
F.E. model is used to describe the effect of the cooling methods on the microstructure of the deposited material in

terms of the thermal characteristics including the temperature distribution, the locally attained temperature values,
the cooling rates and the temperature gradients throughout the component.

The microstructure that results from the application of the cooling methods is described in terms of the
microstructural morphology and the microstructural constituents regarding the material constituting the
multilayer weld deposit. The microstructural constituents and the microstructural morphology are identified
using optical microscopy based on the average grain size and the distribution of alloying elements throughout
the material. In addition, the average grain size and the distribution of the alloying elements throughout the
material are evaluated in terms of the hardness values.

1.3.2 Research tasks

This research is summarized in the following research tasks:

l. Formulate a F.E. model.
- Study the ability of the F.E. model to describe the temperature field that is experienced in the wire and
arc additive manufacturing process.
1. Implement an experimental setup.

- Study the effectiveness of the cooling methods to control the temperature field that is experienced in
the wire and arc additive manufacturing process.

Il Microstructural analysis.

- Study the effect of the cooling methods on the microstructure the deposited material in the wire and arc
additive manufacturing process.

- Study the capability of the F.E. model to describe the effect of the cooling methods on the microstructure

of the deposited material in the wire and arc additive manufacturing process.
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2 Experimental setup



2.1 Process parameters

In this research, the gas metal arc welding (GMAW) process is used as the heat source in the wire and arc additive
manufacturing process. The GMAW process is operated in the pulsed transfer mode to reduce the heat input of
the welding process and control the process stability in terms of both the weld fusion and the weld bead shape
during the deposition process. The process parameters that are used in the experiments during the deposition of
the single-pass weld layers, are shown in Table 2.

Table 2: Process parameters of the wire and arc additive manufacturing process in the experimental setup.

Process parameter Property

Base material S355

Wire material X90; 1.2 mm; solid wire
Welding method GMAW; pulsed transfer mode
Welding speed 6.5 mm/s

Wire feed speed 4 m/min

Welding current 115 A

Arc voltage 212V

Contact tube-to-work distance 15 mm

Shielding gas 15 1/min; Ar + 18% CO,
Cooling medium Water

The welding heat source is mounted on a 3-axis CNC machine, controlling the position of the welding heat source.
The control script of the linear actuators controlling the movement of the welding heat source relative to the
component, is provided in Appendix A.1. With regard to both active substrate cooling and active component
cooling, a cooling tank is applied to contain the cooling medium. The experimental setup including the welding
equipment that is used in the experiments is shown in Figure 9.

1 Welding power source; TransPulse Synergic 5000
2 Welding heat source

3 WAAM component

4 Thermocouples

5 3-axis CNC machine

6 Cooling tank

Figure 9: The experimental setup including the welding equipment and cooling method. [a] Natural cooling; [b] Active substrate
cooling and active component cooling.
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2.1.1 Material deposition

In the wire and arc additive manufacturing process, the component is produced by the subsequent addition of
layers of material. The layers of material are added in the form of single-pass weld layers by the deposition of a
metal wire under the influence of a moving welding heat source. By the subsequent deposition of the single-pass
weld layers, a multilayer weld deposit is formed. The multilayer weld deposit is deposited on top of a component
base wall, as shown in Figure 10.

-

——-i Welding heat source

Material deposition method

i T < N [Multilayerwelddeposit
|

H Welding direction

——)[ Component base wall

‘L s

y X

Figure 10: Material deposition of the wire and arc additive manufacturing process in the experimental setup.

As shown in Figure 10, the single-pass weld layers are deposited by the movement of the welding heat source
following the reverse deposition method. According to the coordinate system, the x-direction is defined as the
welding direction, the y-direction is the through-thickness direction and the z-direction is the building direction.

The movement of the welding heat source is relative to the stationary component. The position of the welding heat
source along the welding direction during the deposition process is prescribed by the welding speed of the welding
heat source. The position of the welding heat source with respect to the through-thickness direction is kept
constant. The movement of the welding heat source in the building direction is imposed between the depostion of
the single-pass weld layers, to preserve a constant contact tube to work distance. Further, a fixed interlayer wating
time is prescribed following the deposition of the individual single-pass weld layers, as defined for the five test

cases.

The material constituting both the component base wall and the single-pass weld layers of the multilayer weld
deposit are deposited by the GMAW process, using the wire material X90. The component base wall is positioned
on a substrate of the material S355. The dimensions of the substrate, the component base wall and the single-pass
weld layers of the multilayer weld deposit, are shown in Table 3.

Table 3: The dimensions of the component and the single-pass weld layers of the multilayer weld deposit.

Width [mm] Height [mm] Length [mm]
Substrate 60 9 200
Component base wall 8 30 150
Single-pass weld layer 8 1.5 150
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2.1.2 Temperature measurement

The temperature field that is experienced by the component is represented by the temperature values that are
calculated at the temperature measurement points in the F.E. model and recorded by the physically attached
thermocouples in the experiments.

With regard to the substrate and the component base wall, the temperature field is described by both the
temperature values that are recorded by the physically attached thermocouples in the experiments and calculated
at the temperature measurement points in the F.E. model. While the temperature field that is experienced by the
simulated multilayer weld deposit is described by the temperature values that are calculated at the temperature
measurement points that are uniquely defined in the F.E. model.

As shown in Figure 11, the temperature measurement points that are positioned at the outside surface areas of the
substrate and the component base are wall are indicated by Tc-A and Tc-B respectively. The temperature
measurement points Tc-C and Tc-D refer to the temperature measurement points that are uniquely defined in
the F.E. model regarding the simulated multilayer weld deposit.

Temperature measurement method
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Figure 11: Temperature measurement of the wire and arc additive manufacturing process in the experimental setup.
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2.2 Experimental measurement

The experimental measurement values refer to both the voltage and current values, and the temperature values
that are recorded in the experiments. The experimental current and arc voltage values define the total arc power
that is delivered by the welding heat source to the component. The experimental temperature values are used to
calibrate the F.E. model by fitting the temperature values that are calculated at the temperature measurement
points the F.E. model and the corresponding temperature values that are measured the physically attached
thermocouples in the experiments.

2.2.1 Current and voltage measurement

The experimental voltage values are measured between the contact tube and the worktable, as shown in Figure
12.a. The current measurement values are recorded using a current clamp that is attached at the return lead of
the electrical circuit, as shown in Figure 12.b.

Electrode lead

x5

Figure 12: Current and voltage measurement of the wire and arc additive manufacturing process. [a] Voltage measurement;
[b] Current measurement.

In this research, the GMAW process is operated in the pulsed transfer mode by setting the wire feed speed. The
effect of the wire feed speed on the waveform characteristics and the heat input is described considering the wire
feed speeds of 3,4 and 5 m/min.

2.2.1.1 Current and voltage waveform characteristics

In this research, the Fronius TransPulse Synergic 5000 power source is operated in the pulsed transfer mode by
setting the wire feed speed after preselecting the wire material, the wire diameter and the shieling gas type,
referred to as one-knob control [19]. The current waveform characteristics corresponding to the wire feed speeds
of 3, 4 and 5 m/min, are shown in Table 4.

Table 4: Current waveform characteristics corresponding to the wire feed speeds of 3, 4 and 5 m/min.

I, [A] tp [ms] Iq [A] tq [ms] Iy [A] tp [ms] f [Hz]
3 [m/min] 505.8 137 104.9 2.03 21.7 11.1 69.0
4 [m/min] 515.2 1.36 1326 233 26.7 7.5 89.8
5 [m/min] 524.2 1.45 1316 2.14 26.1 6.7 106.7
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The process stability including the deposition rate and the weld quality are controlled by the current waveform
characteristics of the pulsed GMAW process. To achieve a constant metal transfer, the wire feed speed must be
balanced by the burn-off rate of the consumable electrode wire material [20]. Therefore, a constant metal transfer
is maintained by the adjustment of the current waveform characteristics or the corresponding wire feed speed [21].
According to Table 4, it is found that for the Fronius TransPulse Synergic 5000 welding power source that is operated
in the pulsed transfer mode using one-knob control, the deposition rate is increased by adjusting the pulse
frequency.

2.2.1.2 Heatinput

The arc power that is delivered by the welding heat source is defined by the product of the arc voltage and the
welding current. Hence, the arc power that is delivered by the welding heat source is determined based on the
welding current and arc voltage measurement values.

The values of the average current and the average voltage are defined by the average values of the instantaneous
current measurement values and the instantaneous voltage measurement values, as defined in Equation 1 and
Equation 2 respectively.

1 n
IAV=;ZIL' [1]
i=1
Uy = X YU 2l
AV _n i
i=1

I,y  Average current value [4]
Uy  Average voltage value [V]
n  Number of measurement values
I; Instantaneous current measurement value [4]

U; Instantaneous voltage measurement value [V]

The current and voltage values corresponding to the wire feed speeds of 3,4 and 5 m/min, are shown in Table 5.

Table 5: Average current and voltage values corresponding to the wire feed speeds of 3, 4 and 5 m/min.

Ly [A] U [V] Lexp [A] Ugxp [V] Ly — Igxp (%] Uav — Ugxp (%]
IEXP UEXP
3 [m/min] 83.2 20.8 75 20.7 10.1 0.5
4 [m/min] 115.0 21.2 101 20.8 13.8 1.7
5 [m/min] 132.6 22.2 119 219 11.4 1.4

According to Table 5, it is observed that for the considered wire feed speeds, the average current values that are
calculated based on the instantaneous current measurement values are on average 11.8 % higher compared to the
experimental current values that are recorded by the power supply. While, the calculated average voltage values
based on the instantaneous current measurement values and the experimental average voltage values are of the
same order.

In literature, different methods are proposed for calculating the arc power based on the current and voltage
measurement values [22], [23]. The average arc power is defined as the product of the average current and the
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average voltage measurement values, as defined in Equation 3. While, the average instantaneous arc power is
calculated based on the instantaneous voltage and current measurement values, as defined in Equation 4.

Pyy = Ly Uyy 3]

PINST -

|
S|e=
™M=

I; U;
11 i (4]

i

P,y Average arc power [W]
P,yst  Average instantaneous arc power [W]

n Number of measurement values

The values of the average arc power corresponding to the wire feed speeds of 3, 4 and 5 m/min, are shown in
Table 6.

Table 6: Average arc power values corresponding to the wire feed speeds of 3, 4 and 5 m/min.

Pinst [W] P,y [W] Pexp [W] Pay — Pgxp (%] Pinst — Pexp (%]
Pgxp Pexp
3 [m/min] 2352.3 1730.6 1552.5 115 51.5
4 [m/min] 3288.1 2438.0 2100.8 16.1 56.5
5 [m/min] 3928.6 2943.7 2606.1 13.0 50.7

The experimental average arc power is defined by the product of the average value of the current and voltage that
are recorded by the power supply. It is observed that for the considered wire feed speeds, the calculated average
arc power based on the average voltage and current measurement values is on average 13.5 % higher compared
to the experimental average arc power. While, the average instantaneous arc power that is calculated based on the
instantaneous voltage and current measurement values is on average 52.9 % higher compared to the experimental

average arc power.

The experimental current and voltage values corresponding to the wire feed speeds 3, 4 and 5 m/min, are
provided in Appendix A.4. The recorded current and voltage values for the wire feed speed of 4 m/min, is shown

in Figure 13.
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Figure 13: Experimental current and voltage values, recorded at a sampling rate 20 kHz and bandwidth 50 kHz. [a] Current
measurement values 4 m/min; [b] Voltage measurement values 4 m/min.
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2.2.2 Temperature measurement

The experimental temperature values are recorded by the physically attached K-type thermocouples. The
thermocouples are attached by means of spot welding at the outside surface areas of the component at the mid-

length position of the component base wall to exclude the start and end-effects, as shown in Figure 14.
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Figure 14: Temperature measurement of the wire and arc additive manufacturing process. [a] Physically attached K-type
thermocouples; [b] IR camera.

The electrical circuit of a K-type thermocouple is shown in Figure 15. The electrical circuit of the K-type
thermocouple consists of two dissimilar metal wires that are attached at the metallic surface of the component,
indicated by the measuring point. The wires are connected to two copper wires in the connector, indicated by the
reference point. In the case of the K-type thermocouple, the two dissimilar metal wires consist of the nickel alloys
Chromel and Alumel [24].

Cu Ch(+)

Voltmeter

Cu

tedebhed

Al(-)

Reference Measuring point

Figure 15: Electrical circuit of the K-type thermocouple [24].

The temperature measurement by a thermocouple is based on the thermoelectric effect. During the temperature
measurement, the measuring point and the reference point experience a different temperature value. Since the
two wires are of a different composition, a small direct current is established that can be detected by an output
voltage. The output voltage is related to the temperature of the component [25], defined in Equation 5.

U~ Tobj - Tref (5]

Topj ~ Temperature of the object [K]

Tref  Temperature of the reference [K]

According to Equation 5, the output voltage is proportional to the temperature difference between the measuring
point and the reference .
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2.2.2.1 Measurement accuracy

The K-type thermocouple possesses a high accuracy and stability over a wide temperature range, defined by a linear
voltage characteristic in the temperature range between -200 °C and 1250 °C. In this temperature range, the
accuracy is equal to +/- 2.2 °C [25].

The measurement accuracy of the K-type thermocouples is validated by the calibration of the temperature values
that are recorded by the physically attached K-type thermocouples and the IR camera at the outside surface areas
of the component indicated Area 1 and Area 2, as shown in Figure 16.
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.

Figure 16: Calibration of the physically attached K-type thermocouples and the IR camera at the outside surface areas of the
component indicated Area 1 and Area 2, considering an emissivity equal to 0.95.

The temperature measurement by IR imaging is based on the measurement of the energy that is emitted from the
object surface. The IR camera provides stable results in the temperature range between -20 °C and 900 °C, with an
accuracy of +/- 2 °C [26].

The energy that is emitted from the object surface is radiated in the form of electromagnetic radiation. According
to Planck’s law, the electromagnetic radiation depends on the temperature and is a function of the wavelength,
defined by the spectral radiation. For higher temperatures, the maximum of the spectral radiation shifts toward
shorter wavelengths. During the temperature measurement, the infrared radiation is focussed onto the detector in
the IR camera. The temperature dependence of the electrical resistance of the sensitive elements of the detector
in the IR camera results in an output signal. The energy that is emitted from the object surface is in accordance with
the radiative heat flux. Accordingly, the output signal of the IR camera is related to the temperature of the
component [26], as defined in Equation 6.

U~ ¢ (Toy; = Tamn) [6]
U=C(e opj T (1= &)Tgmp — Tipa)

U  Output voltage [V]
Device constant [L]
Kn
£ Emissivity [—]
Topj ~ Temperature of the object [K]
T,mp  Temperature of background radiation [K]

Trpsy  Temperature of the device [K]
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In Equation 6, the background radiation is accounted for by the reflected radiation from the environment, and the
radiation from the device. Further, since the infrared radiation only covers a part of the electromagnetic spectrum,
the exponent n depends on the wavelength [26]. The device constant includes the Stefan-Boltzmann constant, as
defined in Equation 14. Accordingly, the object temperature using IR imaging is defined in Equation 7.

n\/U—C(1—s)T§mb+CT,§lyr
obj =

Ce 71

For metals, the emissivity is strongly dependent on the surface conditions of the metallic surface. According to
literature, for polished metallic surfaces, the emissivity is in the range of 0.2 - 0.4. While, for oxidized metallic
surfaces the emissivity is in the range of 0.6 - 0.9, and for surface temperatures near the melting temperature the
emissivity is in the range of 0.9 - 0.95 [26]. The temperature values that are recorded by the physically attached
K-type thermocouples and the IR camera considering an emissivity equal to 0.95, are shown in Figure 17.
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Figure 17: Temperature values recorded by the physically attached K-type thermocouples and the IR camera at the outside
surface areas of the component indicated Area 1 and Area 2, considering an emissivity equal to 0.95.

As shown in Figure 17, the temperature values that are recorded by the physically attached K-type thermocouples
are in good agreement with the corresponding temperature values that are recorded by the IR camera considering
an emissivity equal to 0.95. Indicating that the K-type thermocouple have a high accuracy and stability over a wide
temperature range. The deficiency between the temperature values that are recorded by the physically attached
K-type thermocouples and the IR camera considering an emissivity of 0.95 is within the +/- 2.5 % error range.
While, the deficiency of the thermal cycle peak temperatures and the thermal cycle through temperatures is within
the +/- 5.0 % error range.

Further, the physically attached K-type thermocouples demonstrate no loss of consistency. In contrast to the IR
camera, for which the consistency of the measurement values is lost during the final cooling stage due to the
dramatically deteriorated surface of the weld deposit. Indicating that in the case of temperature measurement by
IR imaging, the deteriorated surface conditions should be compensated by a reduced emissivity [27]. According to
Figure 17, the temperature values that are recorded by the physically attached thermocouples at t = 480 s at the
outside surface areas Area 1 and Area 2 are equal to 279.9 °C and 269.1 °C respectively, on average 274.5 °C.
The corresponding temperature value that is recorded by the IR camera considering an emissivity of 0.95 is equal
to 201.5 °C. While, by considering an emissivity of 0.5, the corresponding temperature value that is recorded by
the IR camera is equal to 275 °C, matching the temperature values that are recorded by the physically attached K-
type thermocouples.
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2.2.3 Data acquisition

The experimental measurement values of both the voltage and current, and the temperature are acquired by the
digital scope, as shown in Figure 18.

The digital scope is used to acquire the instantaneous measurement values. The current and voltage measurement
values are acquired with a sampling rate of 20 kHz during a sampling time of 50 ms, corresponding to 1,000
measurement values. With regard to the temperature measurement values, the output voltage of the physically
attached K-type thermocouples is converted by a preselected program, providing the temperature measurement
values. The temperature measurement values are acquired with a sampling rate of 5 Hz during a sampling time of
2,000 s, corresponding to 10,000 measurement values.

|

Figure 18: The experimental measurement values are acquired by a digital scope; Yokogawa DL716 [28].
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2.3  GMAW process

In this research, the gas metal arc welding (GMAW) process is used as the heat source in the wire and arc additive
manufacturing process. The GMAW process is operated in the pulsed transfer mode to reduce the heat input of the
welding process and control the process stability in terms of both the weld fusion and the weld bead shape during

the deposition process.

In the GMAW process, the welding arc is used as a heat source to deposit a consumable electrode into the weld
pool. Correspondingly, the component is produced by the subsequent addition of single-pass weld layers of material
under the influence of a moving welding heat source. The schematical representation of the GMAW process is

shown in Figure 19.
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Figure 19: Schematical representation of the GMAW process. [a] Metal transfer process; [b] Material deposition [29].

The GMAW process is an arc welding process, whereby a welding arc is formed between the consumable electrode
and the base material by imposing an electrical current. In this research, the GMAW process is operated in the
pulsed transfer mode by setting the wire feed speed. In this regard, both the material deposition and the heat input
that is transferred to the component are controlled by the wire feed speed and the welding speed [30], [21].
A shielding gas is used to protect both the welding arc and the weld pool from the environmental contamination.
The shielding gas affects the mode of metal transfer and the weld bead appearance depending on the welding
material [29]. For welding of non-ferrous metals an inert shielding gas is used, while for the welding of steel small
amounts of oxygen or CO, are added to stabilize the welding arc, ensuring enough weld penetration and improving
the fluidity of the weld pool [31].

The process parameters including the heat input, the process stability, the deposition rate and the weld quality are
controlled by the current waveform characteristics of the GMAW process. The heat input that is transferred to the
component is defined by the arc power that is delivered by the welding heat source, based on the product of the

arc voltage and the welding current.

An important aspect of the wire and arc additive manufacturing process is the material addition during the
deposition process. The material deposition in the GMAW process results from different metal transfer modes
depending on the welding current, the shielding gas, the electrode polarity and the welding material. Further, the
heat input that is transferred to the component is defined by the arc power that is delivered by the welding heat
source, based on the product of the arc voltage and the welding current. In this regard, the metal transfer is an

important aspect of the wire and arc additive manufacturing process.
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2.3.1 Metal transfer modes

The metal transfer process includes the droplet formation at the electrode tip, the droplet detachment and the
metal transport to the weld pool [29]. When operating the GMAW process with a positive electrode and an argon-
rich shielding gas, the material transport is defined for different current levels by the following metal transfer

modes:

i Short-circuiting transfer
ii. Globular transfer
iii. Spray transfer

At low current levels, the material transport is facilitated by the short-circuiting transfer mode. Whereby, the
material transport occurs during the short-circuiting period when the electrode is in physical contact with the weld
pool. At increased voltage levels, the material transport takes place by the globular transfer mode. As a result of
the increased voltage levels, the welding arc is sustained, and the material transfer occurs by the droplet formation
and the material transport across the welding arc to the weld pool. In the globular transfer mode, the gravitational
force is the driving force for the droplet detachment [20]. The metal transfer in the globular transfer mode is
characterized by the irregular detachment of irregular shaped molten droplets, producing a poor weld bead quality
and causing significant spatter losses. The molten droplets that are transferred to the weld pool are about two to
four times the diameter of the electrode wire. Both the globular and short-circuiting metal transfer modes typically
produce poor weld quality cause significant spatter losses [20].
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Figure 20: The metal transfer modes of the GMAW process operated with a positive electrode and an argon-rich shielding gas
[32].

Concerning the GMAW process operating with a positive electrode and an argon-rich shielding gas, a distinct
transition exists between the operating ranges of the globular transfer mode and the spray transfer mode, defined
by the transition current. The transition current depends on the electrode diameter, the electrode material and the
electrode extension [20]. According to literature, for the electrode material X90 with a diameter of 1.2 mm and an
electrode extension of 20 mm, the transition current is about 200 A [33], [34]. At current levels exceeding the
transition current, the material transport takes place by the spray transfer mode. The metal transfer in the spray
transfer mode is characterized by a regular droplet detachment with uniform droplet size, directional droplet
transfer to the weld pool and low spatter losses [20].
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2.3.1.1 Pulsed GMAW process

The pulsed transfer mode is a controlled method of the spray transfer mode, in which the welding current
periodically alternates between a pulse current exceeding the transition current, and a low background current.

The pulsed transfer mode is characterized by the following features:

I Low heat input
= Reduced heat input compared to the spray transfer mode
1. Process stability
=  Projected spray transfer during the pulse current time
= Controllable droplet size
= Low spatter losses
1. Weld quality

=  Weld fusion similar to the spray metal transfer mode
=  Controllable weld bead shape

The heat input of the pulsed GMAW process is reduced compared to the spray transfer mode, because of the
alternating current and voltage waveform characteristics. According to Equation 7, the effective heat input is
defined by the product of the arc voltage, the welding current and the arc efficiency. As a result of the low
background current, the average current of the pulsed transfer mode is reduced compared to the spray transfer
mode. Generally, the average current is in the range of the globular transfer mode [21]. With regard to the process
stability, the metal transfer in the pulsed GMAW process takes place by the projected transfer of metal droplets
with a controllable size, depending on the current waveform characteristics [21].

2.3.1.1.1 Current waveform characteristics

In the pulsed GMAW process, the heat input, process stability and weld quality are controlled by the current
waveform characteristics [33]. The current waveform characteristics and the metal transfer process for a single
pulse period are shown in Figure 21. The current waveform of the pulsed GMAW process is defined by the following
waveform characteristics [21], [35]:

* Pulse current [,

* Pulse current time ¢,

= Droplet detachment current I,
= Droplet detachment time ¢,

=  Background current [,

= Background current time t,,

=  Pulse frequency f

The current waveform characteristics of the pulsed GMAW process are shown in Figure 21. The pulse current is
applied at a value exceeding the transition current in order to initiate the detachment of a single droplet per pulse
period [33]. The detachment current is applied to add energy to the metal droplet, without effecting the droplet
size [19]. The added energy improves the fluidity of the weld pool and stabilizes the welding arc [19]. The
background current is required to maintain the welding arc. The value of the background current is minimized to
reduce the heat input and prevent the globular metal transfer during the background current time [23]. The pulse
frequency is defined by the number of pulse periods per second. As shown in Figure 21, a single pulse period is the
sum of the pulse current time and the background current time.
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Besides the low heat input and the process stability, the weld quality is controlled by the waveform characteristics
of the pulsed GMAW process. Since the wire metal is transferred by the spray transfer mode, the metallurgy
bonding is ensured. Further, the weld bead shape is controlled as the time between the pulse periods allows the
weld pool to cool and slightly solidify.
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Figure 21: Current waveform characteristics and metal transfer process in the pulsed GMAW process [36].
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2.4 Microstructure

The resulting microstructure of the deposited material is evaluated considering the locally attained chemical
composition and the temperature field that is experienced by the material constituting the multilayer weld deposit.

2.4.1 Microstructural characteristics

The effect of the temperature field on the microstructure of the deposited material is described in terms of the
microstructural characteristics considering the the locally attained chemical composition and the temperature field
that is experienced by the material constituting the multilayer weld deposit. The locally attained chemical
composition is described in terms of the distribution of alloying elements throughout the deposited material,
determined by the chemical composition of the electrode material and the shielding gas that is used to protect
both the welding arc and the weld pool from environmental contamination. In addition, the locally attained
chemical composition is influenced by the temperature field that is experienced by the experimental fifteen-layer
weld deposit. The electrode material X90 is a high-strength low-alloy steel with excellent strength and toughness
properties [37]. The excellent material properties are attributed to the alloying elements which provide the
strengthening mechanisms including grain refinement, solid solution strengthening, precipitation strengthening
and dislocation strengthening [38]. In addition, the low alloy content provides good weldability [39]. The chemical
composition of the electrode material X90 and the structural steel S355 are shown in Table 7.

Table 7: Chemical composition of the electrode material X90 and the structural steel S355 [wt. %] [40], [41].

C Si Mn Cr Mo Ni P S Cu
X90 0.1 0.8 1.8 0.35 0.6 2.3 - - -
$355 0.24 0.55 1.6 - - - 0.035 0.035 0.55

The microalloying elements Mo and Cr are strong carbide forming elements and segregate into the cementite.
While, Mn and Ni are moderately strong carbide forming elements which tend to segregate into ferrite when
subjected to a subsequent thermal treatment. Both the moderately strong carbide forming elements and the strong
carbide forming elements restrict the grain growth. During austenization, these microalloying elements segregate
to the prior austenite grain boundaries, thereby slowing the grain growth by a process referred to as solute drag
[38]. Further, the microalloying elements Mn and Si are added to neutralize the detrimental effect of the oxidation
of alloying elements [39].
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Figure 22: Phase diagram of the electrode material X90, based on dilatometric measurement.
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2.4.1.1 Microstructural constituents

The formation of the microstructural constituents is determined by the locally attained chemical composition and
the temperature field that is experienced by the experimental fifteen-layer weld deposit. The most common
characteristics of the microstructural constituents corresponding to the electrode material X90 are described.

2.4.1.1.1 Pro-eutectoid ferrite

Pro-eutectoid ferrite is formed at temperatures below the A;-temperature until the A;-temperature is reached.
The pro-eutectoid ferrite microstructure nucleates at the prior austenite grain boundaries in the form of
allotriomorphic ferrite or in the microstructural matrix as either polygonal ferrite or Widmanstatten ferrite. At small
undercooling below the A;-temperature, the ferrite nucleates at the prior austenite grain boundaries and grain
boundary ferrite also referred to as allotriomorphic ferrite is formed. While, polygonal ferrite is formed as coarse
isolated ferrite islands in the microstructural matrix.

At larger undercoolings below the A;-temperature, side-plate ferrite also referred to as Widmanstatten ferrite is
formed [38]. The Widmanstatten ferrite microstructure is characterized by a coarse morphology of elongated
Widmanstatten ferrite plates. Widmanstatten ferrite is formed at higher cooling rates than polygonal ferrite, in the
temperature range below at which equiaxed ferrite is formed [38]. The Widmanstatten ferrite plates grow into the
untransformed austenite along their length by the ledge growth mechanism. The ledge growth mechanism of
Widmanstatten ferrite is characterized by the migration of ledges along the axes of the Widmanstatten ferrite
plates, causing the thickening of the Widmanstatten ferrite plates normal to the direction of the ledge migration
[38]. The growth rate of the Widmanstéatten ferrite is controlled by the diffusion of carbon into the untransformed
austenite [42].

2.4.1.1.2 Pearlite

The pearlite microstructure is composed of alternating layers of ferrite and cementite. At temperatures below the
A; -temperature, the pearlite microstructure is formed at sufficiently low cooling rates by the eutectoid
transformation whereby austenite is decomposed into the ferrite and cementite phases. The pearlite
microstructure is nucleated at the prior austenite grain boundaries. The alternating layers of ferrite and cementite
are extended into the untransformed austenite by the concurrent growth of the ferrite and cementite phases [39].

2.4.1.1.3 Bainite

The bainite microstructure consists of bainitic ferrite plates that are separated by thin films of untransformed
austenite [42]. Depending on the cooling rate, the untransformed austenite is decomposed into ferrite and
cementite or retained austenite and martensite. The bainite microstructure grows by the repeated nucleation of
bainitic ferrite subunits. The bainitic ferrite subunits are formed by heterogenous nucleation on the prior austenite
grain boundaries. The repeated nucleation of the bainitic ferrite subunits is an autocatalytic process, based on the
carbon mobility that becomes sufficient after the bainite reaches a certain size [38]. The size of the bainitic ferrite
subunits is restricted by the large amount of dislocations that are introduced by the displacive transformation.

The fraction of bainite constituents depends on the cooling rate. At high cooling rates, the formation of a fine-
grained microstructure is promoted, and the microstructure is mainly composed of lath bainite. While at lower
cooling rates, the formation of a coarse-grained microstructure is promoted, and the fraction of granular bainite is
increased. Lath bainite consists of fine bainitic ferrite laths and strip-like cementite particles that are distributed
along the bainitic ferrite lath boundaries. Granular bainite is characterized by the fact that the carbon is partitioned
from the bainitic ferrite, stabilizing the residual austenite. The resulting microstructure contains both retained
austenite and martensite.
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2.4.1.1.4 Acicular ferrite

Acicular ferrite is formed by the heterogeneous nucleation on non-metallic inclusions, primarily oxide inclusions in
the case arc welding [43]. As indicated, the oxide inclusions are formed by the reaction of the deoxidizing elements
with the dissolved oxygen atoms in the liquid weld metal. Considering the electrode material X90, the microalloying
element Ni is added to promote the formation of the acicular ferrite microstructure [37].

The acicular ferrite plates grow by the repeated nucleation of ferrite subunits by the displacive transformation with
no partitioning of carbon. The carbon diffusion to the untransformed austenite occurs through a post-
transformation event [44]. The acicular ferrite microstructure is characterized by a basket-wave morphology of
lenticular ferrite plates. The chaotic arrangement of the ferrite plates provides superior mechanical properties, in
particular toughness [37].

2.4.1.1.5 Martensite

The martensite transformation is a diffusionless transformation that results in the formation of a supersaturated
solid solution of carbon in the ferrite matrix. The martensite microstructure is dependent on the formation
temperature. Lath martensite is formed at the highest temperatures, while thin plate martensite is formed at low
temperatures [38]. The microstructure of lath martensite consists predominantly of high densities of dislocations,
accommodating the a-thermal transformation from austenite. In the case of lath martensite, the prior austenite
grain is divided into large regions of lath groups with the same parallel relationship, referred to as packets. Whereby
each packet is subdivided into parallel blocks consisting of lath groups with the same orientation. These lath groups
with the same orientation form at the prior austenite grain boundary and are visible in optical microscopy as
macroscopic blocks. Both the strength and the toughness are strongly related to the packet size and block size. Both
the packet size and block thickness decrease as the austenite grain size is refined [38].

2.4.1.2 Microstructural transformation

The formation of microstructural constituents is related to the locally attained temperature values. For temperature
values exceeding the A;-temperature but below the melting temperature, the material is completely transformed
into the austenite phase in accordance with the phase diagram of the electrode material X90. Depending on the
cooling rate, the austenite phase is decomposed into the microstructural constituents as shown in Figure 23.
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Figure 23: CCT diagram of the electrode material X90 [45].
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According to Figure 23, for low cooling rates the resulting microstructure of the deposited material is mainly
composed of pro-eutectoid ferrite and pearlite constituents and a reduced amount of granular bainite. While, for
cooling rates in the range of 0.6 °C/s to 15 °C/s, the resulting microstructure mainly consists of bainite
microstructural constituents. A predominantly martensitic microstructure is formed for cooling rates exceeding
15 °C/s. The transformation temperature between the ferrite-austenite field and the ferrite-cementite field is
indicated by the A;-temperature. While, the transformation temperature between the austenite field and the
ferrite-austenite field is indicated by the A;-temperature.

The empirical formulas for the transformation temperatures of the X90 electrode material are provided in Equation
8 and Equation 9, [38].

A; =723 —10.7Mn — 16.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W = 694 °C [8]
A; =910 — 203+v/C — 15.2Ni + 44.7Si + 104V + 31.5Mo + 13.1W = 865 °C [9]

In Equation 7 and Equation 8, the temperature values indicate the transformation temperatures for the arrest on
heating, provided that the heating rate is higher than the cooling rate [38]. Further, the effect of the chemical
composition on the transformation temperatures is indicated. The empirical formula for the martensitic start

temperature is provided In Equation 10, [46].
Mg = 539 — 432C — 30.4Mn — 17.7Ni — 12.1Cr — 7.5Mo = 391 °C [10]

The transformation mechanism of pro-eutectoid ferrite and pearlite is diffusion controlled. While, the
transformation mechanism of bainite and acicular ferrite is displacive. Both bainite and acicular ferrite are formed
when the material is cooled from the austenite phase with complete supersaturation of carbon. During the
displacive transformation, there is no long-range partitioning of both substitutional and interstitial elements
between the ferrite and the untransformed austenite.

The martensite transformation is induced when the material is rapidly cooled from temperatures exceeding the
A;-temperature and takes place at temperatures below the martensitic start temperature. At temperatures below
the martensitic start temperature, both the diffusion of the solute atoms and the alloying elements are suppressed.
In this regard, the martensite transformation is independent of the thermal activation, and proceeds if further
undercooling is available [38].
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3.1 Governing equations

The F.E. model is based on the governing equations. The formulation of the moving welding heat source in the
F.E. model is based on the Goldak double-ellipsoid heat source model [47], [48]. The convective and radiative heat
fluxes are prescribed as thermal boundary conditions at the outside surface areas of the component. The
temperature distribution throughout the component is described by the three-dimensional heat conduction
equation [49], as defined in Equation 11.

003,70 = PG, 31 + VIKTIVT] = 0 11

: w
Qy Volumetric heat source rate [?]
. kg
p(T) Density [F]

e w
Cp(T)  Specific heat [kg—K]

In Equation 11, Q,, is the heat generated per unit volume within the component. The local temperature field in the
component changes according to the volume-specific heat capacity pCp, depending on the local heating or cooling
rate. The conductive heat flux throughout the component is described by Fourier’s law of heat conduction [50], as
defined in Equation 12.

Acond = _k(T) VT [12]

Gcony Conductive heat flux [mﬁ]

2

k(T) Coefficient of thermal conductivity [%]

vT Temperature gradient [%]

According to Equation 12, the conductive heat flux is proportional to the negative temperature gradient within the
component. The heat dissipation from the component to the environment is accommodated by both convection
and radiation from the outside surface areas of the component. The convective and radiative heat fluxes per unit
surface area are defined in Equation 13 and Equation 14 respectively.

oT

Qeconv = _k% = h(T - Tamb) [13]
oT

Qraa = _k% = 50(T4 - T;mb) [14]

. w
Gcony Convective heat flux [ﬁ]

drqa  Radiative heat flux [%]

]

. . w
h(T) Convective heat transfer coefficient [mZK

&(T) Emissivity [—]

g Stefan-Boltzmann constant 5.67 - 1078 [ ZV 4]
m2K
T Local surface temperature [K]

T,mp Ambient temperature [K]
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In Equation 13 and Equation 14, T is the local surface temperature of the component and Ty, is the ambient
temperature. The convection and radiation heat fluxes at the surface areas of the component are prescribed as
boundary conditions to Equation 11. The initial condition of the component domains is defined in Equation 15.

T(x,y,2,0) =Ty(x,y,z) [15]

To Initial temperature of the component [K]

3.1.1 Goldak heat source model

The heat flux that is transferred from the welding heat source to the weld pool is described by the Goldak double-
ellipsoid heat source model [47]. A schematic representation of the Goldak double-ellipsoidal heat source model,

is shown in Figure 24.

Figure 24: Schematic representation of the Goldak double-ellipsoidal heat source model [6].

According to the Goldak heat source model, a Gaussian distributed heat generation is prescribed throughout the
heat source volume [47]. As shown in Figure 24, the Goldak heat source model is defined by a double-ellipsoidal
heat source volume representing the size and shape of the weld pool [51]. To account for the asymmetric heat
distribution in the weld pool, two distinct power density distributions are defined for the semi-ellipsoids positioned
in front and behind the welding arc. The power density distributions inside the semi-ellipsoids positioned in front
and behind of the welding arc are defined in Equation 16.a. and Equation 16.b. respectively, [48].

6\/?_> f}"Q x2 y2 72
x,y,z)= ————exp|(-3|5t+5+t=> >
qr(x,y,2) VT agbe p afz p2 T2 ,for x =0 [16.a]
6\/§ f;”Q x2 yZ Z2
Y,Z) = ——— Bl=+=+= 16.b
N i I A Ty B e
qr Power density distribution inside the front semi-ellipsoid [%]
qr Power density distribution inside the front semi-ellipsoid [%]
Q Effective heat input [W]

ar,a,  Length of the front, and rear semi-ellipsoid [mm]
b Half width of the ellipsoidal heat source volume [mm]

C Depth of the ellipsoidal heat source volume [mm]

I fr Power distribution factors of the front semi-ellipsoid [—]
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According to Equation 16, the volume of the double-ellipsoidal heat source is defined by the heat source parameters
as, ar, b and c. The heat source parameters are determined based on the actual weld pool to match the
dimensions of the experimental weld pool geometry [51]. The power distribution factors fr and f, define the

fractions of the arc power that are distributed over the front and rear semi-ellipsoids respectively [47].

The effective heat input Q is the actual arc power that is transferred by the welding heat source to the component
[49], as defined in Equation 17.

n Ul [17]

Q =
Q  Effective heat input [W]
n  Arcefficiency [—]

U

Arc voltage [V]
I Welding current [A]

In Equation 17, the total arc power delivered by the welding heat source is defined by the product of the of the arc
voltage U and the welding current I [31]. The heat dissipation due to radiation and convection heat losses at the
welding arc is accounted for by the arc efficiency n [49].

3.2 F.E. heat source model

The F.E. formulation of the moving welding heat source is based on the Goldak double-ellipsoid heat source model,
as defined in Equation 16. In the F.E. model, the position of the welding heat source is described by a moving
reference frame with reference to the coordinate system [52]. The interlayer waiting time as defined for the five
test cases, is defined in the F.E. heat source model. The F.E. formulation of the moving welding heat source model
is defined in Equation 18, [48].

12 72 r2
qr(x,y', 2 t) = %exp [—3 <J;_/3 + };—2 + ZC—2>] Jfor x' =0 [18.a]
12 2 g2
q-(x,y', 7z, t) = %exp [—3 ():15 + 3;—2 + ZC—Z)] ,for x' <0 [18.b]
x'= xotv-t
y' = o
z' = z5+0.0015 - step(t)
step(t) = abs {round[ Lo 0.5]}
tiayer
t = time[s]
v =  welding speed [m/s]
tiwyer =  welding time of a single layer [s] + interpass waiting time [s]
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According to Equation 18, the origin of the moving reference frame coincides with the centre point of the moving
double-ellipsoid heat source model, defined by the time dependent coordinates x’, y" and z'. The initial position
of the welding heat source at the start of the deposition process is defined by the initial coordinates x,, y,, and z,.
According to the coordinate system the x-direction is defined as the welding direction, the y-direction is the
through-thickness direction and the z-direction is the building direction. The F.E. model representation of the
Goldak double-ellipsoidal heat source model, is shown in Figure 25.

As defined in Equation 18, the position of the moving welding heat source along the welding direction is described
by the welding speed of the moving welding heat source v and the time t, defined by the time dependent
coordinate x’. The position of the welding heat source with respect to the through-thickness direction is constant,
expressed by the coordinate y’. The movement of the welding heat source in the building direction is governed by
the step-function, expressed by the time dependent coordinate z’ of the moving reference frame [53].

[a] [b] vl

Figure 25: F.E. Goldak double-ellipsoidal heat source model. [a] Heat flux at the surface of the weld pool; [b] Heat generation
throughout the volume of the weld pool.

3.3 F.E. material model

An important aspect of the wire and arc additive manufacturing process is the modelling of the material addition
during the deposition process [54]. In the F.E. model, the quiet element method is used to model the material
deposition in the wire and arc additive manufacturing process. As defined in Equation 11, the temperature
distribution throughout the component is described by the three-dimensional heat conduction equation. The three-
dimensional heat conduction equation includes the temperature dependent material properties density, specific
heat and coefficient of thermal conductivity designated p(T), C,(T) and k(T) respectively.

3.3.1 Material deposition

According to literature, generally two methods can be used to model the material deposition in the wire and arc
additive manufacturing process, being the quiet element method and the inactive element method [55]. In this
research, the quiet element method is used to model the material deposition in the wire and arc additive
manufacturing process.

The main advantage of the quiet element method is that non-convergence issues are avoided during the F.E.
calculation, as the number of equations is constant throughout the F.E. analysis [54]. According to the quiet element
method, the material elements representing the individual weld layers are defined at the start of the F.E. analysis.
The material elements that are not under the influence of the welding heat source are defined quiet. The material
addition during the deposition process is modelled by the sequential activation of the quiet elements. The activation
of the quiet elements can be triggered based on the temperature, or the position of the welding heat source [54],
[48].
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In the F.E. model, both the activation of the successive material elements representing the deposition of the
individual weld layers, and the activation of the element domains within the material elements are activated based
on the position of the welding heat source. The deposition of the successive weld layers is modeled by the
sequential activation of the successive material elements. The individual weld layers of the simulated ten-layer weld
deposit are modelled by rectangular material elements.

The F.E. formulation of the quiet element method for modelling the material deposition is defined in Equation 19,
[54].

if z<z'(t), k=k(T) [19]

else, kquiet = sy - k(T)

According to Equation 19, the sequential activation of the successive material elements is governed by the step-
function, as defined in Equation 18. With regard to the material domains that are under the influence of the welding
heat source, the coefficient of thermal conductivity is defined by the material property. While for the quiet elements
that are not under the influence of the welding heat source, the coefficient of thermal conductivity is reduced by
using a scaling factor.

The material deposition during each individual weld layer is modeled by the progressive activation of element
domains within the material elements that are under the influence of the moving welding heat source [48], as
defined in Equation 20.

R(x,y',z',t) = f x?+y'24 272 [20]

if R(x,y,z,t) <ap, q=0q;(x,y,2,8)+q,(x,y',2,t)

else, g=0

In Equation 20, the centre point of the moving double-ellipsoid heat source model is defined by the term
R(x',y', Z',t). According to Equation 20, the Gaussian distributed power density is prescribed throughout the heat
source volume of the element domains that are under the influence of the welding heat source, as defined by the
moving reference frame. Further, the activation of the element domains within the material elements is defined by
the heat source parameters, as defined in Equation 16. The F.E. model representation of the material addition and
the temperature field that is experienced by the component during the disposition of the of the simulated ten-layer
weld deposit by using the quiet element method, is illustrated in Figure 26.
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Figure 26: F.E. model representation of the material addition using the quiet element method and the temperature field that is
experienced by the component during the disposition of the of the simulated ten-layer weld deposit.
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3.3.2 Material properties

As defined in Equation 11, the temperature distribution within the component is described by the three-dimensional
heat conduction equation. The three-dimensional heat conduction equation includes the temperature dependent
material properties density, specific heat and coefficient of thermal conductivity designated p(T), C,(T) and k(T)

respectively.

The temperature dependent material properties of both the structural steel S355 and the electrode material X90

are shown in Figure 27.
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Figure 27: Temperature dependent material properties. [a] Structural steel S355; [b] Electrode material X90.
The temperature dependent material properties p(T), C,(T) and k(T) are assumed isotropic and homogeneous

throughout the material domain in the F.E. model [55].

In the F.E. model, the latent heat effects of the ferrite-austenite phase transformation and the solid-liquid phase
transformation are not considered. Correspondingly, for both the structural steel S355 and the electrode material
X90, the specific heat is assumed constant over the whole temperature range.

The density corresponding to the structural steel S355 is assumed constant over the whole temperature range,
having a value of 7860 [%] While, for the electrode material X90 the density is assumed to decrease for
increasing temperatures, having a value equal to 7804 [%] at room temperature and 6708 [%] at the liquidus
temperature.

The coefficient of thermal conductivity corresponding to both the structural steel S355 and the electrode material
X90 are increased by a factor 4 with respect to the value at T for temperatures exceeding the melting temperature,
to account for the increased convective heat transfer by stirring effects in the weld pool [51].
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3.4 Thermal boundary conditions

The heat dissipation from the component to the environment is accommodated by both convection and radiation
from the outside surface areas of the component to the environment, as defined in Equation 13 and Equation 14.
In the F.E. model, the convective and radiative heat fluxes are prescribed as thermal boundary conditions at the
outside surface areas of the component. The application of the cooling method as defined for the test cases 1 to 5
is defined by the appropriate thermal boundary conditions. With regard to the symmetry plane, a symmetry
boundary condition is applied [56].

Table 8: Thermal boundary conditions defined in the F.E. model for the test cases 1 to 5.

Test case 1 and 2 Test case 3 and 4 Test case 5
Natural cooling Active Substrate Active Component
. cooling cooling
=
s h € h € h €
L E A 2 . 400 - 400 -
- B 4 - 400 - 400 -
L F c 2 - 400 - 400 -
| =t D 4 . 800 - 400 -
: |E E 4 - 4 - 400 -
' F 4 - 4 - 800 -
D
¢ BCI BCIl BCI BCII BCI BCII
G - 0.95 0.5 - 0.95 0.5 - 0.95 0.5
B H - 0.95 0.95 - 0.95 0.95 - 0.95 0.95
A I Thermal symmetry boundary condition: heat rate g, = 0 [%]

With regard to the substrate and the component base wall, the heat dissipation from the component to the
environment is accommodated by convection. As shown in Table 8, the convective heat fluxes are prescribed at the
outside surface areas, indicated by A to F.

Concerning the heat dissipation by natural cooling to free air, the convective heat transfer coefficient is defined
separately for the vertical and horizontal surface areas [50], [27]. For the vertical outside surface areas of both the
substrate and the component base wall, the natural cooling to free air is defined by a convective heat transfer

coefficient equal to 4 [ﬁ] While, for the horizontal surface areas, the convective heat transfer coefficient for

natural cooling to free air is equal to 2 [ VZV ]

m2K
With regard to the heat dissipation that is accommodated by the cooling medium, a distinction is made between
the cooling medium in the liquid phase and the vapor phase [57]. The conductive heat dissipation that is

accommodated by the cooling medium in the liquid phase, is defined by an equivalent convective heat transfer
w
m2K

coefficient equal to 400 [ ] The conductive heat dissipation that is accommodated by the cooling medium in

the vapor phase, is accounted for by an equivalent convective heat transfer coefficient equal to 800 [mVZVK].

The heat dissipation from the multilayer weld deposit to the environment is accommodated by radiation. The
radiative heat fluxes are prescribed at the outside surface areas of the deposited layers of the simulated multilayer
weld deposit, indicated by G to H. As shown in Table 8, two sets of radiative boundary conditions are defined,
indicated by the radiative boundary condition BC I and the radiative boundary condition BCII.

36



3.5 Temperature measurement points

The locations of the temperature measurement points in the F.E. model, are shown in Table 9. The temperature
measurement points are positioned at the mid-length position of the deposited layers to exclude the start and end-
effects [58].

With regard to the substrate and the component base wall. The temperature measurement points indicated by
Tc-A and Tc-B are assigned to both the physically attached thermocouples in the experiments and the temperature
measurement points in the F.E. model. The temperature measurement points that are positioned at the outside
surface areas of the substrate and the component base are wall are indicated by Tc-A and Tc-B respectively.

The temperature measurement points Tc-C and Tc-D refer to the temperature measurement points that are
uniquely defined in the F.E. model. As shown in Table 9, the temperature measurement points Tc-C1, Tc-C5 and
Tc-C10 are positioned at the centre points of the first, fifth and tenth layer of the simulated ten-layer weld deposit
respectively. The temperature measurement points Tc-D1, Tc-D5 and Tc-D10 are positioned at the outside
surfaces of the first, fifth and tenth layer of the simulated ten-layer weld deposit respectively.

Table 9: Coordinates of the temperature measurement points at the mid-length position x = 75 mm.

Temperature measurement points

y [mm] z[mm]
Te-A1 5 0
; Tc-A2 10 0
C10 Tc-A3 15 0
. Tc-A4 20 0
,\>\ ) Tc-AS 0 -9
Cl¢ Tc-A6 0 0
' Tc-B 1 4 29
Te-B2 4 25
TeB3 4 20
i Tc-B4 4 15
i Te-C 1 0 30.75
S Te-C5 0 36.75
3 Vile——o—o——e Te-C 10 0 44.25
f ‘ Te-D 1 4 30.75
Ais A;s Te-D5 4 36.75
Te-D 10 4 4425

Figure 28: Locations of the temperature measurement points in the F.E. model at the mid-length position x = 75 mm.
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3.6 F.E. model calibration

The F.E. model is calibrated by fitting the temperature values that are calculated at the temperature measurement
points the F.E. model and the corresponding temperature values that are recorded by the physically attached
thermocouples in the experiments, indicated by the temperature measurement points Tc-B1 to Tc-B4. A detailed
validation of the F.E. model is provided in Section 5.1.

According to literature, the arc efficiency is calibrated based on the thermal cycle peak temperatures [51]. While,
the applied thermal boundary conditions are calibrated based on the thermal cycle through temperatures [51],
[48]. In this regard, the arc efficiency is calibrated based on the thermal cycle peak temperatures associated with
the deposition of a single weld-pass layer. While the appropriate thermal boundary conditions are calibrated based
on the thermal cycle through temperatures associated with the deposition of the multilayer weld deposit.

The discrepancy between the temperature values that are calculated at temperature measurement points in the
F.E. model and the corresponding temperature values that are recorded by the physically attached thermocouples
in the experiments, isindicated by the calibration error. An overestimation of the experimental temperature values
by the F.E. model temperature values is indicated by a positive calibration error, while an underestimation is
indicated by a negative calibration error. Both the calibration of the thermal cycle peak temperatures and the
thermal cycle through temperatures is based on the smallest calibration error.

3.6.1 Arcefficiency

The arc efficiency is calibrated by fitting the thermal cycle peak temperatures that are calculated at the temperature
measurement points the F.E. model and the corresponding temperature values that are recorded by the physically
attached thermocouples in the experiments during the deposition of a single weld-pass layer on the component
base wall.

The temperature measurement values that are obtained during the deposition of a single weld-pass layer by both
the temperature measurement points in the F.E. model and the physically attached thermocouples in the
experiments are shown in Figure 29. The values of the thermal cycle peak temperatures that are obtained by both
the temperature measurement points in the F.E. model and the physically attached thermocouples in the
experiments, indicated by the temperature measurement points Tc-B1 to Tc-B4, are shown in Table 10.

—-—- Te-Bl  FEM. [p=044] | e Te-Bl1  F.E.M. [n=0.40]
1800 - —-— Te-B2  F.EM. [=0.44] 1800 - £ e Tce-B2  F.E.M. [=0.40]
; Te-B3  F.EM. [=0.44] i Te-B3  F.EM. [=0.40]
1600 - i —— Te-B4  F.EM. [1=0.44] 1600 - b o Te-B4  F.EM. [n=0.40]
_ il -—- Te-Cl  F.EM. [=0.44] . - (e Te-Cl  F.EM. [=0.40]
o 1400 il O’ 1400 il —— TeB1  F.EM. [7=0.50]
PR ik o 1200 i1 —— TeB2  F.EM. [7=0.50]
5] il 5 0] \ F.E.M. [=0.50]
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Figure 29: Temperature measurement values of a single-pass layer on the component base wall. [a] Arc efficiency n = 0.44;
[b] Arc efficienciesn = 0.40 and 1 = 0.50.
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Table 10: Thermal cycle peak temperatures of a single-pass weld layer on the component base wall; recorded experimental
temperature values and calculated F.E. model temperature values for the arc efficiencies: n = 0.40, n = 0.44 andn = 0.50.

Tc-B4 TeB3 Te-B 2 Te-B1 Tc-C1
Experiment 263.0 368.2 492.8 1224 -
F.EM. n =040 236.0 336.6 483.8 1204 1634
F.EM. n =0.44 256.5 367.0 529.0 1340 1700
F.EM. n =0.50 288.2 414.5 602.5 1505 1821

The effect of the arc efficiency on the thermal cycle peak temperatures that are calculated by the F.E. model,
is shown Figure 29.b. It is found that for an arc efficiency n = 0.40, the experimental thermal cycle peak
temperatures that are recorded by the temperature measurement points Tc-B1 to Tc-B4 are underestimated by
the F.E. model. While for an arc efficiency n = 0.50, the experimental thermal cycle peak temperatures are
overestimated by the temperature values that are calculated in the F.E. model with regard to the temperature
measurement points Tc-B1 to Tc-B4.

When assuming an arc efficiency n = 0.44), it is found that the thermal cycle peak temperatures that are
calculated in the F.E. model are in good agreement with the experimental results, as shown in Figure 29.a. It is
observed that for the temperature measurement points Tc-B1 and Tc-B2, the thermal cycle peak temperatures
that are calculated in the F.E. model exceed the experimental temperature values, indicated by a calibration error
of +9.5% and + 7.4 % respectively. While, for the temperature measurement points Tc-B3 and Tc-B4 the
experimental thermal cycle peak temperatures are slightly underestimated by the F.E. calculation, indicated by a
calibration error of - 0.3 % and - 2.5 % respectively.

3.6.2 Thermal boundary conditions

The appropriate thermal boundary conditions are calibrated by fitting the thermal cycle through temperatures that
are calculated at the temperature measurement points in the F.E. model and the corresponding temperature values
that are recorded by the physically attached thermocouples in the experiments. Since each thermal cycle through
temperature is defined as the minimum temperature value at the end of each cooling stage, the thermal cycle
through temperatures are strongly dependent on the applied boundary conditions, as defined in Table 9.

The thermal cycle through temperatures that are obtained by both the temperature measurement points in the
F.E. model and the physically attached thermocouples in the experiments indicated by Tc-B1 to Tc-B4, are shown
in Table 11. The thermal cycle through temperatures correspond to the temperature measurement values at 60 s
after the passage of the welding heat source.

Table 11: Thermal cycle through temperatures of a single-pass weld layer on the component base wall; recorded experimental
temperature values and calculated F.E. model temperature values for the arc efficiencies: n = 0.40, n = 0.44 and n = 0.50.

Tc-B4 TeB3 Te-B 2 Te-B1 Te-C1
Experiment 220.7 241.3 250.7 282.8 -
F.EM. n =0.40 209.4 243.2 260.3 274.5 275.8
F.EM. n=0.44 2259 262.4 280.8 296.1 297.4
F.EM. n=0.50 251.0 291.0 311.0 327.4 328.8

Similar to the observations regarding the thermal cycle peak temperatures, it is found that the thermal cycle
through temperatures that are calculated in the F.E. model are in good agreement with the experimental values
when assuming an arc efficiency n = 0.44. The discrepancy between the thermal cycle through temperatures that
are calculated in the F.E. model and the corresponding experimental temperature values is indicated by a calibration
error of +4.7 % and + 2.4 % for the temperature measurement points Tc-B1 and Tc-B4 respectively.

(1) A detailed validation of the arc efficiency is provided in Section 5.1.2
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With regard to the multilayer weld deposit, two sets of radiative boundary conditions are defined for the radiative
heat transfer at the outside surface areas of the simulated ten-layer weld deposit in the F.E. model, indicated by
the radiative boundary condition BC I and the radiative boundary condition BC II, as shown in Table 8. The
appropriate radiative boundary conditions for the test cases 1 to 5, are calibrated by fitting the thermal cycle
through temperatures that are calculated in the F.E. model and the corresponding temperature values that are
recorded in the experiments by the temperature measurement point Tc-B1 during the deposition process of the
simulated ten-layer weld deposit. The appropriate radiative boundary conditions for the test cases 1 to 5, are shown
in Table 12.

Table 12: The radiative boundary conditions in the F.E. model; defined for the test cases 1 to 5.

BCI Average BC I, BC Il BCII
Test case 1 1to3 4to5 6to 10
Test case 2 1to3 4to 10 -
Test case 3 1to6 7,8 9,10
Test case 4 1to6 7,8 9,10
Test case 5 1to 10 - -

In the F.E. model, the radiative boundary conditions are adjusted during the deposition of the simulated ten-layer
weld deposit to guarantee the accurate heat dissipation from the deposited material layers to the environment.
By the application of the appropriate thermal boundary conditions as defined for the test cases 1 to 5, it is found
that for all test cases the calibration error of the thermal cycle through temperatures corresponding to the
temperature measurement point Tc-B1 are within the +/- 5.0 % error range, excluding the start and end-effects.

3.6.3 Heat source parameters

The the appropriate heat source parameters of the Goldak heat source model are calibrated by the experimental
weld pool dimensions, as shown in Figure 30. The heat source parameters ar and a, are estimated from the weld
pool surface ripple markings. While, the heat source parameters b and c are estimated from the cross-sectional
metallographic profile, whereby the heat source parameter b is equal to the half width of the deposited layer. The
parameter c is defined as the average layer height plus the weld penetration [56]. The heat source parameters
matching the cross-sectional metallographic profiles of the test cases 1 to 5, are provided in Table 13.

Figure 30: Heat source parameters of the Goldak heat source model. [a] Heat source parameters b and c, cross-sectional
metallographic profile; [b] Heat source parameters ay and a,, weld pool surface markings.

Table 13: Heat source parameters ay, a,, b and ¢, and the power distribution factors f and f,.; defined for the test cases 1 to 5.

as [mm] a, [mm] b [mm] ¢ [mm] fr [ fr [
Bead-on-plate 3.85 9.4 3.35 4 0.6 1.4
Testcase 1, 2 3.85 9.4 3.5 3 0.6 1.4
Test case 3to 5 3.85 9.4 3.3 3 0.6 14
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4 Results and analysis



4.1 Temperature values

The temperature field that is experienced by the component during the wire and arc additive manufacturing process
is characterized by the periodic thermal cycling of the temperature values related to the deposition process.

The temperature values are recorded by the physically attached thermocouples in the experiments and calculated
at the temperature measurement points in the F.E. model, are shown in Figure 31. With regard to the substrate
and the component base wall, the temperature field is described by both the temperature values that are recorded
by the physically attached thermocouples in the experiments and calculated at the temperature measurement
points in the F.E. model. While the temperature field that is experienced by the simulated multilayer weld deposit
is described by the temperature values that are calculated at the temperature measurement points that are
uniquely defined in the F.E. model.

4.1.1 Experimental temperature values

The experimental temperature values refer to the temperature values that are recorded by the physically attached
thermocouples in the experiments. The experimental temperature values corresponding to the test cases 1 to 5 are
provided in Appendix B.1.
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Figure 31: Temperature values corresponding to the temperature measurement points Tc-B1 to Tc-B4. [a] Recorded experimental
temperature values; [b] Calculated F.E. model temperature values.

The temperature values that are recorded by the physically attached thermocouples indicated by Tc-B1 to Tc-B4,
are illustrated in Figure 31.a. The highest temperature values are recorded by the temperature measurement point
Tc-B1 followed by Tc-B2, Tc-B3 and Tc-B4 respectively, corresponding to the relative position of the temperature
measurement points with respect to the moving welding heat source during the deposition process of the
multilayer weld deposit.

The thermal cycle measurement values that are obtained by both the physically attached thermocouples and the
temperature measurement points in the F.E. model indicated by Tc-B1 to Tc-B4, are illustrated in Figure 31.b. The
temperature values that are calculated at the temperature measurement points in the F.E. model and the
temperature values that are recorded by the physically attached thermocouples in the experiments corresponding
to the test cases 1 to 5 are provided in Appendix B.2. As shown, the temperature values that are calculated at
the temperature measurement pointsin the F.E. model are in good agreement with the corresponding temperature
values that are recorded by the physically attached thermocouples in the experiments.
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4.1.2 F.E. model temperature values

The F.E. model temperature values refer to the temperature values that are calculated at the temperature
measurement points in the F.E. model. The temperature measurement points that are located at the outside
surface areas of the component base wall are indicated by Tc-B. While, the temperature measurement points
indicated by Tc-C and Tc-D refer to the temperature measurement points that are uniquely defined in the F.E.
model regarding the simulated multilayer weld deposit, as indicated in Table 9.

The temperature field that is experienced by the middle points of the deposited layers of the multilayer weld
deposit is represented by the temperature values that are calculated at the temperature measurement points
indicated by Tc-C. The temperature values that are calculated the temperature measurement points Tc-C1, Tc-C5
and Tc-C10 in the F.E. model for test case 1, is shown in Figure 32. As indicated, the temperature values that are
calculated in the F.E. model can be related to the microstructural transformation temperatures to define the
resulting microstructure of the deposited material in the wire and arc additive manufacturing process considering
a simulated multilayer weld deposit, as described in literature for laser-deposited multilayer builds [59], [60].

The temperature values that are calculated the temperature measurement points Tc-C1, Tc-C5 and Tc-C10 in the

F.E. model corresponding to the test cases 1 to 5 are provided in Appendix B.3, Appendix B.4 and Appendix B.5
respectively.
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Figure 32: F.E. model temperatures of the simulated ten-layer weld deposit. [a] Calculated at temperature measurement point
Tc-C1: middle point layer 1; [b] Calculated at temperature measurement point Tc-C5: middle point layer 5; [c] Calculated at
temperature measurement point Tc-C10: middle point layer 10.
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4.1.2.1 Multilayer weld deposit

The experimental fifteen-layer weld deposit is simulated in the F.E. model by a simulated ten-layer weld deposit.
As shown in Figure 33, the temperature measurement points Tc-C1, Tc-C5 and Tc-C10 correspond to the middle
points of the sixth, tenth and fifteenth layer of the experimental fifteen-layer weld deposit respectively.
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Figure 33: Thermal analysis of the experimental fifteen-layer weld deposit. [a,b] Thermal cycle peak temperatures in relation to
the microstructural transformation temperatures; [c] F.E. model approximation of the experimental fifteen-layer weld deposit.

With regard to the temperature field that is experienced by the experimental fifteen-layer weld deposit, three
distinct regions are defined: the top segment, the middle segment and the bottom segment.

4.1.2.1.1 Top segment

The top segment of the experimental fifteen-layer weld deposit is defined by the region that experiences no
subcritical heat treatment. In this regard, the top segment is defined by the region that is bounded by the bottom
layer for which the last thermal cycle peak temperature exceeds the A;-temperature. While, the upper layer of the
top segment is indicated by the measurement point Tc-C10 in the F.E. model.

According to Figure 33, the temperature field that is experienced by the upper layer of the top segment is
characterized by one thermal cycle peak temperature according to the temperature values that are calculated at
the measurement point Tc-C10. While regarding the bottom layer of the top segment, the temperature field is
characterized by six thermal cycle peak temperatures and five thermal cycle through temperatures according to the
temperature measurement values that are calculated at the measurement point Tc-C5.

4.1.2.1.2 Middle segment

The middle segment of the experimental fifteen-layer weld deposit is bounded by the region wherein the bottom
and upper layer are indicated by the measurement points Tc-C1 and Tc-C5 in the F.E. model respectively. The
temperature values that are calculated at the measurement point Tc-C1 correspond to the temperature field that
is experienced by both the bottom layer of the middle segment and the upper layer of the bottom segment.

According to Figure 33, the temperature field that is experienced by the upper layer of the middle segment is
characterized by six thermal cycle peak temperatures and five thermal cycle through temperatures according to the
temperature values that are calculated at the measurement point Tc-C5. The temperature field that is experienced
by both the bottom layer of the middle segment and the upper layer of the bottom segment of the experimental
fifteen-layer weld deposit is characterized by ten thermal cycle peak temperatures and nine thermal cycle through
temperatures according to the temperature values that are calculated at the measurement point Tc-C1.
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4.1.2.1.3 Bottom segment

The bottom segment of the experimental fifteen-layer weld deposit is bounded by the region wherein the upper
layer is indicated by the measurement point Tc-C1 in the F.E. model.

The temperature field that is experienced by the layers constituting the bottom segment of the experimental
fifteen-layer weld deposit is represented by the successive temperature values succeeding the values that are
calculated at the measurement point Tc-C1. Accordingly, the temperature field that is experienced by the bottom
layer of the bottom segment of the experimental fifteen-layer weld deposit is characterized by fifteen thermal cycle
peak temperatures and fourteen thermal cycle through temperatures.
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4.2 Thermal characteristics

The effect of the temperature values on the microstructure of the material constituting the experimental fifteen-
layer weld deposit is described in terms of the thermal characteristics including the temperature distribution, the
locally attained temperature values, the cooling rates and the temperature gradients throughout the component.

The periodic thermal cycling of the temperature values is characterized by the thermal cycle peak temperatures,
the thermal cycle through temperatures and the cooling rates. For each thermal cycle, the thermal cycle peak
temperature is defined as the maximum temperature value that is observed after the passage of the welding heat
source. While, the thermal cycle through temperature is defined as the minimum temperature value that is reached
at the end of each cooling stage. The cooling rates are determined based on the thermal cycle measurement values
that are calculated at the temperature measurement points in the F.E. model.

The temperature distribution throughout the component is represented by the temperature field based on the local
outside surface temperatures of the component. In this regard, the temperature field representing the temperature
distribution throughout the component is associated with the heat dissipation from the component to the
environment by both convection and radiation from the outside surface areas of the component. The cooling rate
and the temperature gradient are associated with the temperature distribution throughout the component.

The heat dissipation throughout the component is accommodated by conduction. The conductive heat flux
throughout the component is described by Fourier’s law of heat conduction. In this regard, the temperature
gradients in the x- and z-direction are associated with the heat dissipation throughout the component,
accommodated by conduction. While, the temperature gradient in the y-direction is associated with the heat
dissipation from the component to the environment, accommodated by both convection and radiation from the
outside surface areas of the component.

4.2.1 Overview

Depending on the locally reached temperature values, different microstructural transformations are induced:

i Grain growth
ii. Grain refinement
iii. Partial transformation
iv. Martensitic transformation
V. Tempering and ageing

The thermal cycle peak temperatures are associated with the amount of grain growth, grain refinement and the
formation of partial transformation products. While the thermal cycle through temperatures are related to the
martensitic transformation. The component mean temperature affects the substitutional diffusion of alloying
elements, recrystallization, grain growth and the amount of grain refinement. Both the microstructural morphology
and the formation of microstructural constituents are affected by the cooling rate. Further, the distribution of
alloying elements throughout the material is influenced by the locally attained temperature gradient.

4.2.1.1 Thermal cycle peak temperatures

For thermal cycle peak temperatures attaining values in the temperature range between 1200 °C and the melting
temperature, grain growth is facilitated. While for thermal cycle peak temperatures reaching temperature values
in the temperature range between the A;-temperature and 1200 °C, limited grain growth and grain refinement is
facilitated. Further, the formation of partial transformation products is induced for temperature values reaching
the inter-critical temperature range.
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4.2.1.1.1  Grain growth

With regard to thermal cycle peak temperatures attaining values in the temperature range between 1200 °C and
the melting temperature, the material is completely transformed into the austenite phase and the temperature is
sufficiently high for grain growth to take place. Further, the austenite grain growth is promoted as a result of the
dissolution of precipitates. In addition, at these temperatures the homogenization of the alloying element
throughout the microstructure is promoted.

4.2.1.1.2 Grain refinement

With regard to thermal cycle peak temperatures attaining values in the temperature range between the
A5 -temperature and 1200 °C, the material is completely transformed into the austenite phase, but the
temperature is not high enough for grain growth to take place.

4.2.1.1.3 Partial transformation

For thermal cycle peak temperatures attaining values in the inter-critical temperature range, the formation of
partial transformation products is induced. At temperature values below the A;-temperature pro-eutectoid ferrite
is formed until the A;-temperature is reached. At small undercooling below the A;-temperature, the ferrite
nucleates at the prior austenite grain boundaries and grain boundary ferrite is formed. While, at larger
undercoolings below the A;-temperature, Widmanstatten ferrite is formed [38].

4.2.1.2 Thermal cycle through temperatures

The thermal cycle through temperatures are related to the amount of martensitic transformation that is induced at
temperatures below the martensitic start temperature.

4.2.1.2.1 Martensitic transformation

With regard to thermal cycle through temperatures attaining values below the martensitic start temperature, the
martensite transformation is induced when the material is rapidly cooled from temperatures exceeding the
A;-temperature. The martensite transformation is a diffusionless transformation that results in the formation of a
supersaturated solid solution of carbon in the ferrite matrix. At temperatures below the martensitic start
temperature, both the diffusion of the solute atoms and the alloying elements are suppressed. In this regard, the
martensite transformation is independent of the thermal activation, and proceeds if further undercooling is
available [39].

4.2.1.3 Component mean temperature

The component mean temperature affects by means of tempering and ageing phenomena the extent in which the
substitutional diffusion of alloying elements, recrystallization, grain growth and the amount of grain refinement is
facilitated.

4.2.1.3.1 Tempering and ageing

The tempering heat treatment depends on the attained temperature and the tempering time [38]. For
temperatures in the range between 250 °C and the A;-temperature, iron carbides precipitate in the form of lath-
like cementite within the martensite. While, for temperatures exceeding 500 °C, the temperature is sufficiently
high for the substitutional diffusion of alloying elements to occur and the formation of alloy carbides and the
dissolution of cementite is induced. Further, recrystallization and grain growth is facilitated at these temperatures.
During recrystallization, grain growth takes place by the growth of newly formed grains by the annihilation of
dislocations.
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4.2.1.4 Cooling rate

The values of the cooling rate affect both the microstructural morphology and the microstructural constituents of
the resulting microstructure. At high cooling rates the formation of a fine-grained microstructural morphology is
promoted by the nucleation of new grains at the prior austenite grain boundaries. While at lower cooling rates,
grain growth is sustained by diffusion [39].

For temperature values exceeding the A;-temperature but below the melting temperature, the material is
completely transformed into the austenite phase in accordance with the phase diagram of the electrode material
X90. Depending on the cooling rate, the austenite phase is decomposed into microstructural constituents as shown
in Figure 23. For low cooling rates the resulting microstructure is mainly composed of ferrite and pearlite
constituents and a reduced amount of granular bainite. While, for cooling rates in the range of 0.6 °C/s to 15 °C/s,
the resulting microstructure mainly consists of bainite microstructural constituents. A predominantly martensitic
microstructure is formed for cooling rates exceeding 15 °C/s.

4.2.1.5 Temperature gradient

In addition to the tempering and ageing phenomena, the distribution of alloying elements throughout the material
is influenced by the locally attained temperature field [39]. During the solidification process, the concentration of
alloying elements in front of the solidification interface is increased by the local temperature gradient resulting
from constitutional supercooling during the solidification process. Further, the redistribution of alloying elements
is promoted as a result of the deposition process under the influence of the maximum temperature gradient [38].
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4.2.2 Temperature distribution

The temperature distribution throughout the component is evaluated during the deposition of the simulated ten-
layer weld deposit in the F.E. model.

The temperature values that are calculated for the test cases 1 to 5 during the deposition of the tenth layer of the
simulated ten-layer weld deposit is provided in Appendix C.1 and Appendix C.2. Additionally, the temperature
distribution that is observed for the test cases 1 to 5 during the deposition of the tenth layer of the simulated weld
deposit in the F.E. model is provided in Appendix C.3 and Appendix C.4 respectively.

4.2.2.1 Substrate

With regard to the temperature field that is experienced by the substrate. It is observed that for all test cases, the
temperature values that are calculated at the temperature measurement point Tc-A3 increase as the deposition
process of the multilayer weld deposit proceeds.

When comparing the temperature values that are calculated for the test cases 1 to 5 during the deposition of the
tenth layer of the simulated ten-layer weld deposit. It is observed that with regard to the temperature values that
are calculated at the temperature measurement point Tc-A3, the temperature values that are found for the test
cases 1 and 2 are of the same order. While, the temperature values that are found for the test cases 3,4 and 5 are
lower compared to the values that are found for the test cases 1 and 2. According to Appendix C.2, the average
temperature value that is calculated at the temperature measurement point Tc-A3 during the deposition of the
final layer of the simulated ten-layer weld deposit for the test cases 1 and 2 is equal to 364.0 °C. While for the test
cases 3, 4 and 5, the corresponding temperature values are on average equal to 35.0 °C. Indicating that during the
deposition of the final layer of the simulated ten-layer weld deposit, the temperature values corresponding to the
test cases 3, 4 and 5 are 90.4 % lower compared to the values that are found for the test cases 1 and 2.

4.2.2.2 Component base wall

The component mean temperature is defined as the average value of the thermal cycle through temperatures
calculated at the temperature measurement points Tc-B1, Tc-B2, Tc-B3 and Tc-B4. The component mean
temperatures that result from the application of the cooling methods as defined for the test cases 1 to 5, is shown
in Figure 34.
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Figure 34: Component mean temperatures of the test cases 1 to 5; defined as the average value of the thermal cycle through
temperatures calculated at the temperature measurement points Tc-B1, Tc-B2, Tc-B3 and Tc-B4.
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Itis observed that for all test cases, the component mean temperature increases as the deposition of the multilayer
weld deposit proceeds. The highest values of the component mean temperature are observed for test case 1,
followed by the values corresponding to the test cases 2, 3, 4 and 5 respectively. For both the test cases 1 and 2,
the values of the component mean temperature continuously increase during the deposition of the simulated ten-
layer weld deposit. While for the test cases 3 and 4, the values of the component mean temperature assume
constant values from the fifth thermal cycle onward. Indicating that for both the test cases 3 and 4, an equilibrium
component mean temperature is reached from the fifth thermal cycle onward. For test case 5, the component
mean temperature is found to increase constantly during the deposition process of the simulated ten-layer weld
deposit. However, the component mean temperature that is found for test case 5 is relatively low compared to the
increase that is found for the test cases 1 to 4.

When comparing the values of the component mean temperature that are found for the test cases 1 to 5. The same
evolution is observed for the test cases 1 and 2, and the test cases 3 and 4 respectively. According to Figure 34, the
values of the component mean temperature corresponding to test case 2 are consistently 21.6 % lower compared
to the values that are found for test case 1. While, the values of the component mean temperature that are
observed for test case 4 are consistently 23.6 % lower compared to the values that are found for test case 3.
Further, it is observed that the component mean temperatures that are found for the test cases 1 to 5 converge
toward equilibrium values during the deposition process. According to Figure 34, the equilibrium component mean
temperatures of the component base wall that are found for the test cases 1 to 5 are equal to 487.2 °C, 386.4 °C,
355.0°C, 282.3°C, 122.4°C respectively. Further, it is observed that the equilibrium component mean
temperatures that are found for both the test cases 2 and 3 are of the same order. According to Figure 34, the
component mean temperatures corresponding to the test cases 2 and 3 are reduced by 21.6 % and 23.6 %
respectively, compared to the value that is found for test case 1. While, the component mean temperature that is
observed for test case 4 is 41.2 % lower compared to the value that is found for test case 1. The most significant
reduction of the component mean temperature is observed for test case 5. According to Figure 34, the component
mean temperature that is found for test case 5 is 74.9 % lower compared to the temperature value that is found
for test case 1.

4.2.2.3 Multilayer weld deposit

With regard to the temperature field that is experienced by the simulated ten-layer weld deposit. It is observed
that for the test cases 1 to 5, the temperature values that are calculated at the temperature measurement points
of the corresponding layers continuously decrease for longer times after the passage of the welding heat source.
While, with regard to the temperature values that are calculated at the temperature measurement points of the
underlying layers initially an increase in temperature values is observed. Further, it is found that the maximum
temperature values shift toward later times after the passage of the welding heat source.

When comparing the temperature values that are found for the test cases 1 to 5 during the deposition of the tenth
layer of the simulated ten-layer weld deposit. It is observed that with regard to the temperature values that are
calculated at the temperature measurement point Tc-D10, the temperature values corresponding to the test cases
1 to 3 are of the same order. While, the temperature values corresponding to the test cases 4 and 5 are lower
compared to the values that are found for the test cases 1 and 3. According to Appendix C.2, the temperature values
that are calculated for the test cases 1 to 3 during the deposition of the final layer of the simulated ten-layer weld
deposit by the temperature measurement point Tc-D10 at 40 s after the passage of the welding heat source are
on average equal to 575.0 °C. While, the corresponding temperature values that are found for the test cases 4 and
5 are equal to 469,6 °C and 348,6 °C respectively. Indicating that during the deposition of the final layer of the
simulated ten-layer weld deposit, the temperature values that are calculated at the temperature measurement
point Tc-D10 corresponding to the test cases 4 and 5 are reduced by 17.2 % and 38.5 % respectively, compared
to the values that are found for the test cases 1 to 3.
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With regard to the temperature values that are calculated at the temperature measurement point Tc-D5. It is
observed that the temperature values corresponding to the test cases 1 and 3 are of the same order. While, the
temperature values that are found for the test cases 2, 4 and 5 are lower compared to the values that are found for
both the test cases 1 and 3. According to Appendix C.2, the temperature values that are calculated for the test cases
1 and 3 during the deposition of the final layer of the simulated ten-layer weld deposit by the temperature
measurement point Tc-D5 at 2 s after the passage of the welding heat source are equal to 998.7 °C and 973.9 °C
respectively. While, the corresponding temperature values that are found for the test cases 2, 4 and 5 are equal to
890.1 °C, 836.8 °C and 678.0 °C respectively. Indicating that during the deposition of the final layer of the
simulated ten-layer weld deposit, the temperature values that are calculated at the temperature measurement
point Tc-D5 corresponding to the test cases 2, 4 and 5 are reduced by 10.9 %, 16.2 % and 32.1 % respectively,
compared to the values that are found for the test cases 1 and 3. Regarding the temperature values that are
calculated at the temperature measurement point Tc-D1. The highest temperature values are observed for test
case 1, followed by the values corresponding to the test cases 2, 3, 4 and 5 respectively. According to Appendix C.2,
the temperature values that are calculated for the test cases 1 to 5 during the deposition of the final layer of the
simulated ten-layer weld deposit by the temperature measurement point Tc-D1 at 8 s after the passage of the
welding heat source are equal to 703.7 °C, 628.5 °C, 633.7 °C, 538.5 °C and 363.2 °C respectively. Indicating that
during the deposition of the final layer of the simulated ten-layer weld deposit, the temperature values that are
calculated at the temperature measurement point Tc-D1 corresponding to the test cases 2, 3, 4 and 5 are reduced
by 10.7 %, 10.0 %, 23.8 % and 48.4 % respectively, compared to the values that are found for test case 1.

Concerning the equilibrium mean temperatures that are calculated for the five test cases during the deposition of
the tenth layer of the simulated ten-layer weld deposit. It is found that the equilibrium mean temperatures
associated with the middle segment and the top segment of the experimental fifteen-layer weld deposit of the test
cases 1 to 5 are equal to 570.6 °C, 575.4 °C, 547.8 °C, 446.8 °C and 304.4 °C respectively. While, the equilibrium
mean temperatures associated with the bottom segment of the experimental fifteen-layer weld deposit
corresponding to the test cases 1 to 5 are equal to 539.4 °C, 493.9 °C, 386.2 °C, 313.2 °C and 168.8 °C
respectively. Indicating that the equilibrium mean temperatures of the bottom segment corresponding to the test
cases 1 to 5 are reduced by 5.5 %, 14.2 %, 29.5 %, 29.9 % and 44.5 % respectively, compared to the values that
are observed for the middle segment and the top segment of the experimental fifteen-layer weld deposit.
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Figure 35: Temperature distribution component, calculated during the deposition of the tenth layer of the simulated ten-layer
weld deposit. [a] Test case 1: Natural cooling, interlayer waiting time 40s; [b] Active component cooling, interlayer waiting
time 40s.
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4.2.3 Thermal cycle peak temperatures

The thermal cycle peak temperatures that are calculated at the measurement points Tc-C1 and Tc-C5 in the
F.E. model during the deposition process of the simulated ten-layer weld deposit, are shown in Figure 36.a. and
Figure 36.b. respectively.
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Figure 36: Thermal cycle peak temperatures. [a] Calculated at temperature measurement point Tc-C1: middle point layer 1;
[b] Calculated at temperature measurement point Tc-C5: middle point layer 5.

It is observed that for the test cases 1 to 5, the thermal cycle peak temperatures of the first two thermal cycles
exceed the melting point. As shown in Figure 36, this applies to both the thermal cycle peak temperatures that are
calculated at the temperature measurement points Tc-C1 and Tc-C5 in the F.E. model. The first thermal cycle peak
temperature exceeding the melting temperature corresponds to the formation of the weld pool. While, the second
thermal cycle peak temperature that exceeds the melting temperature indicates the remelting of previous the layer

due to the deposition of the succeeding layer, ensuring the metallurgy bonding of the deposited material [61].

As shown in Figure 36, it is observed that for all test cases the thermal cycle peak temperatures that are calculated
at the temperature measurement points Tc-C1 and Tc-C5 decrease as the deposition process proceeds due to the
increased distance between the welding heat source and the temperature measurement points. The extent to
which the peak temperatures are reduced is directly related to the applied cooling method, as defined for the test
cases 1 to 5. Accordingly, the highest thermal cycle peak temperatures are observed for test case 1 followed by the
test cases 3, 2, 4 and 5 respectively. This order is consistent for all successive thermal cycles and applies to both the
thermal cycle peak temperatures that are calculated at the temperature measurement points Tc-C1 and Tc-C5 in
the F.E. model.

When comparing the thermal cycle peak temperatures that are calculated at temperature measurement points
Tc-C1 and Tc-C5, as shown in Figure 36.a. and Figure 36.b. respectively. It is observed that the thermal cycle peak
temperatures that are calculated at the temperature measurement point Tc-C5 match the corresponding peak
temperature values that are calculated at the temperature measurement point Tc-C1. For the test cases 1, 3 and
4, the thermal cycle peak temperatures that are calculated at the temperature measurement point Tc-C5 are
increased by 3% compared to the corresponding peak temperature values that are calculated at the temperature
measurement point Tc-C1. While, for test case 2 the difference between the thermal cycle peak temperatures that
are calculated at the temperature measurement points Tc-C1 and Tc-C5 is found to be less then 1 %. The largest
increase is observed for the test case 5, for which the thermal cycle peak temperatures that are calculated at the
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temperature measurement point Tc-C5 are increased by 6 % compared to the corresponding temperature values
that are calculated at the temperature measurement point Tc-C1. Further, with regard to the temperature values
that are calculated at the temperature measurement point Tc-C5, it is found that the thermal cycle peak
temperatures that are observed for both the test case 1 and 3, and the test cases 2 and 4 are of the same order.

4.2.4 Thermal cycle through temperatures

The thermal cycle through temperatures that are calculated at the measurement points Tc-C1 and Tc-C5 in the

F.E. model during the deposition process of the simulated ten-layer weld deposit, are shown in Figure 37.a and
Figure 37.b respectively.
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Figure 37: Thermal cycle through temperatures. [a] Calculated at temperature measurement point Tc-C1: middle point layer 1;
[b] Calculated at temperature measurement point Tc-C5: middle point layer 5.

It is observed that from the sixth thermal cycle onward, the thermal cycle through temperatures that are calculated
for the test cases 1 to 5 at the temperature measurement point Tc-C1 in the F.E. model reach equilibrium
temperature values, equal to 529.3 °C, 404.9 °C, 495.7 °C, 350.3 °C and 177.3 °C respectively.

With regard to the thermal cycle through temperatures that are calculated at the measurement point Tc-C5 in the
F.E. model. It is observed that for the test cases 1 to 4 equilibrium temperature values are found for the successive
thermal cycles, being equal to 521.9 °C, 399.8 °C, 522.5 °C and 375.0 °C respectively. For test case 5, the thermal
cycle through temperatures that are calculated at the measurement point Tc-C5 are found to continuously increase

for the successive thermal cycles, equal to 186.9 °C and 234.8 °C at the end of the cooling stages of the fifth and
ninth thermal cycle respectively.

When comparing the thermal cycle through temperatures that are calculated at temperature measurement points
Tc-C1 and Tc-C5. Itis observed that the thermal cycle through temperatures that are calculated at the temperature
measurement point Tc-C5 match the corresponding peak temperature values that are calculated at the
temperature measurement points Tc-C1. For both the test cases 1 and 2, the difference with regard to the thermal
cycle though temperatures that are calculated at the temperature measurement points Tc-C1 and Tc-C5 is found
to be less then 1 %. While for the test cases 3 and 4, the thermal cycle through temperatures that are calculated
at the temperature measurement point Tc-C5 are increased by 5% compared to the corresponding through

temperature values calculated at the temperature measurement point Tc-C1. The largest increase is observed for
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test case 5, for which the thermal cycle though temperatures that are calculated at the temperature measurement
point Tc-C5 are increased by 22.1% compared to the corresponding temperature values that are calculated at the

temperature measurement point Tc-C1.

Further, with regard to the temperature values that are calculated at the temperature measurement point Tc-C5.
It is observed that the thermal cycle through temperatures that are found for the test cases 1 and 3 are equivalent.
Similarly, the thermal cycle through temperatures that are observed for the test cases 2 and 4 are of the same order
with regard to the through temperature values that are calculated at the temperature measurement points Tc-C1.
Hereby, the thermal cycle through temperatures that are observed for test case 2 exceed the martensitic
transformation temperature. While, the thermal cycle through temperatures that are observed for the test cases

4 and 5 attain values below the martensitic transformation temperature.
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4.2.5 Coolingrate

With regard to the cooling rates that are calculated at the temperature measurement point Tc-C1 in the F.E.-model.
The first and fifth thermal cycle correspond to the deposition of the first and fifth layer of the simulated ten-layer
weld deposit respectively. While the first and fifth thermal cycle that are calculated at the temperature
measurement point Tc-C5 are associated with the deposition of the fifth and ninth layer of the simulated ten-layer
weld deposit respectively. According to Equation 8, the duration of the cooling stage is defined by the summation
of the deposition time of a single layer and the interlayer waiting time. For the test cases 1, 4 and 5, the duration
of the cooling stage is equal to 60 s. While for the test cases 2 and 3, the duration of the cooling stage is equal to

100 s and 40 s respectively.

For the test cases 1 to 5, the cooling rates are evaluated for the time interval covering 0-40 s of the corresponding
cooling stages that are calculated at the temperature measurement points Tc-C1 and Tc-C5. The cooling rates that
are recorded during the cooling stages of the first and fifth thermal cycle by the temperature measurement points
Tc-C1 and Tc-C1 are shown in Figure 38 and Figure 39 respectively.

Cooling rate [Thermal cycle 1] Cooling rate [Thermal cycle 5]
J160 - C v _ v . 160 - _
400 B : ; : -140 :
O‘J} -120 O‘J} -120 -
2 100 : 2 100
g 0 ; |
8@ s0; ' @ 80t :
~8 60 : -8 60 ;
Q : 0 O 8
-40 [u] -40 &) i
: : : : : =] : o : E a
-20 | : l:] : : -20 : = a : - -
0 - 1 - 1 — 1 —i— 1 0 - 1 o - ol 1 i 1
[0-5] [5-10] [10-20] [20-40] [0-10] [0-20] [0-40] [0-5] [5-10] [10-20] [20-40] [0-10] [0-20] [0-40]
[a] Time Interval [s] [b] Time Interval [s]

0O TeCl [Test case 1] 0O TeCl [Test case 2] O TeCl [Test case 3]
0O Te-Cl  [Test case 4] Te-C1  [Test case 5]

Figure 38: Cooling rates calculated at the temperature measurement point Tc-C1. [a] Thermal cycle 1; [b] Thermal cycle 5.

With regard to the cooling rates that are calculated at the temperature measurement point Tc-C1 during the
cooling stage of the first thermal cycle. It is observed that for all considered time intervals the cooling rates
associated with test case 5 are significantly higher compared to the cooling rates that are found for the test cases
1to 4.

The highest cooling rates are observed during the initial time interval of the cooling stages and decrease for later
time intervals of the corresponding cooling stages. According to Figure 38, it is observed that during the time
interval covering 0-5 s of the cooling stage of the first thermal cycle that is calculated at the temperature
measurement point Tc-C1, the average cooling rates are equal to -161.7 °C /S for test case 5 and -144.0 °C /S for
the test cases 1 to 4 respectively. Indicating that during the initial time interval of the cooling stage of the first
thermal cycle that is calculated at the temperature measurement point Tc-C1, the average cooling rate that is
calculated for test case 5 is 12.3 % higher compared to the cooling rates that are found for the test cases 1 to 4.
For the later time intervals, the deficiency between the cooling rates that are found for test case 5 and the test
cases 1 to 4 is reduced. For the time interval covering 20-40 s of the cooling stage, the cooling rates corresponding

to the test cases 1 to 5 are of the same order, within a margin of 1 %.
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With regard to the cooling rates that are calculated at the temperature measurement point Tc-C1 during the
cooling stage of the fifth thermal cycle. It is observed that during the initial time interval of the cooling stage, the
highest cooling rates are observed for the test cases 1 and 3. While the lowest cooling rate is found for test case 5,
in contrast to the cooling rates that are found for the first thermal cycle that is calculated at the temperature
measurement point Tc-C1. As shown in Figure 39.b, the cooling rates that are found during the time interval
covering 0-5 s of the cooling stage of the fifth thermal cycle that is calculated at the temperature measurement
point Tc-C1, are equal to -46.8 °C /S and -27.4°C /S for the test cases 1 and 5 respectively. Indicating that during
the corresponding time interval, the cooling rate corresponding to test case 5 is 41.4 % lower compared to the
cooling rate that is found for test case 1. Further, the cooling rates that are calculated during the initial time interval
of the cooling stage of the fifth thermal cycle are reduced by a factor 3 compared to the values associated with the
first thermal cycle. As shown in Figure 39, this observation also applies to the cooling rates that are calculated at
the temperature measurement point Tc-C5.

With regard to the values of the average cooling rates that are calculated for the test cases 1 to 5. It is observed
that for the temperature measurement point Tc-C1, the average cooling rate during the cooling stage of the first
thermal cycle is equal to -30.5 OC/S for the test cases 1 to 4, and -35.5 oC/S for test case 5 respectively. While
during the cooling stage of the fifth thermal cycle, the average cooling rate that is observed for the test cases 1 to
5 is of the same order, equal to -14.5 °C /s- Similarly, with regard to the temperature measurement point Tc-C5,
the average cooling rate during the cooling stage of the fifth thermal cycle is equal to -29.9 °C /s for the test cases
1 to 5. While during the cooling stage of the ninth thermal cycle, the corresponding value of the average cooling
rate that is observed for the test cases 1 to 5 is equal to -14.8 °C /S. Indicating that for the test cases 1 to 5, the
average cooling rates corresponding to the cooling stage of the fifth thermal cycle are reduced by a factor 2
compared to the values that are calculated during the cooling stage of the first thermal cycle. According to Figure
38 and Figure 39, this applies to both the cooling rates that are calculated at the temperature measurement point
Tc-C1 and Tc-C5.
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Figure 39: Cooling rates calculated at the temperature measurement point Tc-C5. [a] Thermal cycle 5; [b] Thermal cycle 9.
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4.2.6 Temperature gradient

The temperature gradients in the x-, y- and z-direction are evaluated after the passage of the welding heat source
during the deposition of the first and tenth layer of the simulated ten-layer weld deposit in the F.E. model,
corresponding to the sixth and final layer of the experimental fifteen-layer weld deposit respectively. The values
of the temperature gradients in the x-, y- and z-direction that are calculated for the test cases 1 and 5 during the
deposition of the first and tenth layer of the simulated ten-layer weld deposit in the F.E. model, are provided in
Appendix D.1 to Appendix D.4.

According to Figure 40, it is observed that during the deposition of the first layer of the simulated multilayer weld
deposit, the temperature gradient in the z-direction is reduced by the application of active component cooling
compared to the application of natural component cooling. While, the temperature gradient in the y-direction that
is observed during the deposition of the first layer is increased by the application of active component cooling
compared to the application of natural component cooling. According to Figure 40, the values of the maximum
temperature gradient in the z-direction corresponding to test case 5 during the deposition of the first layer are on
average 5.8 % lower, compared to the values that are found for test case 1. While, the corresponding values of the
maximum temperature gradient in the y-direction that are found for test case 5 during the deposition of the first
layer are increased by a factor 3, compared to the values corresponding to test case 1.

With regard to the maximum temperature gradients in the x-, y- and z-direction that are observed during the
deposition of the tenth layer of the simulated multilayer weld deposit. It is observed that for the test cases 2 to 5,
the values of the maximum temperature gradient in the z-direction are increased compared to the values that are
found for test case 1. According to Table 14, the values of the maximum temperature gradient in the z-direction
corresponding to test case 2 are increased compared to the values that are found for test case 1, ranging from
14.2 % to 17.4 % at 3s and 10s after the passage of the welding heat source respectively. While, the corresponding
values that are found for test case 3 are increased by 8.1 % and 42.9 % respectively. For test case 4, the
corresponding values are increased by 18.5 % and 50.5 % respectively. For test case 5, the values of the
maximum temperature gradient in the z-direction are increased ranging from 34.2 % and 120.9 % at 3s and 10s
after the passage of the welding heat source respectively, compared to the values that are found for test case 1.
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Figure 40: The maximum temperature gradients in the x-, y-, and z-direction calculated for the test cases 1 and 5. [a] During
the deposition of the first layer; [b] During the deposition of the tenth layer.
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Figure 41: The maximum temperature gradients in the x-, y-, and z-direction calculated during the deposition of the first and
tenth layer. [a] Test case 1; [b] Test case 5.

Table 14: The maximum temperature gradients in the x-, y-, and z-direction calculated during the deposition of the tenth layer
for test cases 1 to 5.

z-direction y-direction x-direction
3s 10s 3s 10s 3s 10s
Test case 1 66.40 19.60 7.23 6.73 15.80 4.07
Test case 2 75.80 23.00 6.40 2.34 16.20 4.20
Test case 3 71.80 28.00 7.05 6.97 16.40 4.33
Test case 4 78.70 29.50 6.43 5.34 16.60 4.29
Test case 5 89.10 43.30 6.41 9.56 17.40 4.53

Concerning the values of the maximum temperature gradient in the y-direction during the deposition of the tenth
layer of the simulated multilayer weld deposit. It is observed that the values corresponding to the test cases 1 and
3 are of the same order. While for the test cases 2 and 4, the values of the maximum temperature gradient in the
y-direction are lower compared to the values that are found for test case 1. For test case 5, it is observed that
during the initial time interval of the cooling stage, the maximum temperature gradient in the y-direction is
decreased. While for later time intervals of the cooling stage, the maximum temperature gradient in the y-direction
is increased compared to the values that are found for the reference test case 1. According to Table 14, the values
of the maximum temperature gradient in the y-direction corresponding to test case 2 are lower compared to the
values that are found for test case 1, ranging from 11.5 % and 65.2 % at 3s and 10s after the passage of the
welding heat source respectively. For test case 3, the maximum temperature gradient in the y-direction is
decreased by 2.5 % at 3s after the passage of the welding heat source. While at 10s after the passage of the
welding heat source, the maximum temperature gradient in the y-direction is increased by 3.6 %, compared to the
values that are found for test case 1. The corresponding values that are found for test case 4 are reduced by 11.0 %
and 20.7 % respectively. Accordingly for test case 5, the maximum temperature gradient in the y-direction is
decreased by 11.3 % at 3s after the passage of the welding heat source. While at 10s after the passage of the
welding heat source, the maximum temperature gradient in the y-direction is increased by 42.1 % compared to the
values that are found for test case 1.
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With regard to the values of the maximum temperature gradient in the x-direction during the deposition of the
tenth layer of the simulated ten-layer weld deposit. It is observed the values that are found for the test cases 1 to
4 are of the same order. While, the values of the maximum temperature gradient in the x-direction that are found
for test case 5 are increased compared to the values that are found for test case 1. According to Table 14, the values
of the maximum temperature gradient in the z-direction corresponding to test cases 1 to 4 are increased on average
by 5.0 %, compared to the values that are found for test case 1. For test case 5, the values of the maximum
temperature gradient in the x-direction are increased compared to the values that are found for test case 1, ranging
from 10.1 % to 11.3 % at 3s and 10s after the passage of the welding heat source respectively.

As a general trend it is observed that for all test cases, the values of the temperature gradient in the z-direction are
significant higher compared to the corresponding values in the y- and z-direction during the deposition of the
multilayer weld deposit. Indicating that the dominant mode of heat dissipation is accommodated by conduction
throughout the component in the building direction. The highest values of the temperature gradient in the
z-direction are observed during the initial time interval of the cooling stages and attain lower values during later
time intervals of the corresponding cooling stages. Further, it is found that during the initial time interval of the
cooling stages the highest values of the temperature gradient in the z-direction are observed in the material domain
closest to the welding heat source. While, during later time intervals of the corresponding cooling stages the highest
values of the temperature gradient in the z-direction are observed in the material domains that are further removed
from the welding heat source.

In the case of natural component cooling, the maximum temperature gradient in the z-direction is reduced during
the deposition of the multilayer weld deposit. While, the maximum temperature gradient in the y-direction is
increased as the deposition process proceeds. Indicating that in the case of natural component cooling, the heat
dissipation accommodated by conduction throughout the component in the building direction is deteriorated
during the deposition process of the multilayer weld deposit resulting from the heat accumulation that is observed
in the case of natural component cooling. According to Figure 41.a, the values of the maximum temperature
gradient in the z-direction corresponding to test case 1 during the deposition of the tenth layer are reduced by
45,9 % compared to the values that are observed during the deposition of the first layer of the simulated ten-layer
weld deposit. While, the values of the maximum temperature gradient in the y-direction during the deposition of
the tenth layer are increased by a factor 4 compared to the values that are found during the deposition of the first
layer of the simulated ten-layer weld deposit. In the case of active component cooling, the maximum temperature
gradient in the z-direction is maintained during the deposition process of the multilayer weld deposit. As shown in
Figure 41.b, the values of the maximum temperature gradient in the z-direction corresponding to test case 5 during
the deposition of the tenth layer exceed the values that are observed during the deposition of the first layer, from
4.5 s after the passage of the welding heat source. Indicating that in the case of active component cooling, the heat
dissipation accommodated by conduction throughout the component in the building direction remains effective
during the deposition process of the multilayer weld deposit.
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4.2.7 Conclusions

The F.E. model that is presented in this research allows to describe the temperature field that is experienced by the
deposited material in the wire and arc additive manufacturing process. In contrast to the traditional method of
monitoring the substrate temperature, the F.E. model allows to describe the temperature field that is experienced
by the deposited material constituting both the multilayer weld deposit and the component in terms of the thermal
characteristics including the temperature distribution, the locally attained temperature values, the cooling rates,
and the temperature gradients throughout the component.

4.2.7.1 Thermal characteristics

The F.E. method allows to describe the temperature field in terms of the thermal characteristics that are calculated
for the test cases 1 to 5.

4.2.7.2 Temperature distribution

e The component mean temperatures corresponding to the test cases 1 to 5 increase during the deposition
process of the multilayer weld deposit due to the heat accumulation in the component. Further, the same
evolution of the component mean temperatures is observed for the test cases 1 and 2, and the test cases 3 and
4 respectively related to the cooling methods that are defined for the corresponding test cases.

e The component mean temperatures are reduced by the application of the different cooling methods, as defined
for the test cases 1 to 5. According to the F.E. temperature values, the component mean temperatures
corresponding to the test cases 2 to 5 are reduced by 21.6 %, 23.6 %, 41.2 % and 74.9 % respectively,
compared to the value that is found for test case 1. Indicating that the highest component mean temperatures
are observed for test case 1, followed by the values corresponding to the test cases 2, 3, 4 and 5 respectively.

4.2.7.3 Thermal cycle peak temperatures

o The thermal cycle peak temperatures of the subsequent thermal cycles corresponding to the test cases 1 to 5
decrease, as the distance between the welding heat source and the temperature measurement point increases
during the deposition process proceeds.

e The reduction of the thermal cycle peak temperatures is directly related to the applied cooling method, as
defined for the test cases 1 to 5. The highest thermal cycle peak temperatures are observed for test case 1
followed by the test cases 3, 2, 4 and 5 respectively. This order is consistent for the successive thermal cycles
and applies to both the thermal cycle peak temperatures that are calculated at the temperature measurement
points Tc-C1 and Tc-C5 in the F.E. model.

4.2.7.4 Thermal cycle through temperatures

e The thermal cycle through temperatures of the subsequent thermal cycles corresponding to the test cases 1 to
5 increase, due to the increased heat accumulation in the component during the deposition process of the
multilayer weld deposit.

— For both the test cases 1 and 3, the thermal cycle through temperatures that are calculated at the
temperature measurement points Tc-C1 and Tc-C5 attain values exceeding the martensitic transformation
temperature.

- For test case 2, the thermal cycle through temperatures that are calculated at the temperature
measurement points Tc-C1 attain both values below the martensitic transformation temperature and
values exceeding the martensitic transformation temperature. While, the thermal cycle through
temperatures that are calculated at the temperature measurement points Tc-C5 attain values exceeding
the martensitic transformation temperature.
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— For both the test cases 4 and 5, that are calculated at the temperature measurement points Tc-C1 and
Tc-C5 attain values below the martensitic transformation temperature.

4.2.7.5 Cooling rate

The highest cooling rates are observed during the initial time interval of the cooling stages and decrease for
later time intervals of the corresponding cooling stages.

The values of the cooling rate of the subsequent thermal cycles decrease during the deposition process of the
multilayer weld deposit. The average cooling rates that are calculated at the temperature measurement point
Tc-C1 during the cooling stage of the first thermal cycle are equal to -30.5 °C /s for the test cases 1 to 4, and
-35.5°C /S for test case 5 respectively. While during the cooling stage of the fifth thermal cycle, the average
cooling rate is equal to -14.5 °C /S for the test cases 1 to 5. Similarly, with regard to the average cooling rates

that are calculated at the temperature measurement point Tc-C5.

4.2.7.6 Temperature gradient

For all test cases, the values of the temperature gradient in the z-direction are significant higher compared to
the corresponding values in the y- and z-direction. Indicating that the dominant mode of heat dissipation is
accommodated by conduction throughout the component in the building direction.

— The highest values of the temperature gradient in the z-direction are observed during the initial time
interval of the cooling stages and attain lower values during later time intervals of the corresponding
cooling stages.

— The highest values of the temperature gradient in the z-direction are observed in the material domain
closest to the welding heat source during the initial time interval of the cooling stages. While during later
time intervals of the corresponding cooling stages the highest values of the temperature gradient in the
z-direction are observed in the material domains that are further removed from the welding heat source.

For test case 1, the temperature gradient in the z-direction is reduced during the deposition of the multilayer
weld deposit. While, the temperature gradient in the y-direction is increased as the deposition process
proceeds. Indicating that in the case of natural component cooling, the heat dissipation that is accommodated
by conduction throughout the component in the building direction is deteriorated during the deposition
process of the multilayer weld deposit due to the increased heat accumulation.

For test case 5, the temperature gradient in the z-direction is maintained during the deposition process of the
multilayer weld deposit. Indicating that in the case of active component cooling, the heat dissipation that is
accommodated by conduction throughout the component in the building direction remains effective during the
deposition process of the multilayer weld deposit.
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4.3 Microstructure

The F.E. method that is presented in this research allows to describe the effect of the temperature field on the
microstructure of the deposited material in the wire and arc additive manufacturing process. Accordingly, the
F.E. model is used to describe the effect of the cooling methods on the microstructure of the deposited material
considering the locally attained chemical composition in terms of the thermal characteristics including the
temperature distribution, the locally attained temperature values, the cooling rates and the temperature gradients
throughout the component. The effect of the temperature field on the resulting microstructural is evaluated in
terms of the thermal characteristics that are calculated for the test cases 1 to 5.

The resulting microstructure of the deposited material is evaluated considering the locally attained chemical
composition and the temperature field that is experienced by the material constituting the experimental fifteen-
layer weld deposit. The microstructure that results from the application of the cooling methods is described in
terms of the microstructural constituents and the microstructural morphology regarding the material constituting
the experimental fifteen-layer weld deposit. The microstructural constituents and the microstructural morphology
are identified using optical microscopy based on the average grain size and the distribution of alloying elements
throughout the material. In addition, the average grain size and the distribution of the alloying elements throughout
the material are evaluated in terms of the hardness values.

4.3.1 Microstructural constituents

The microstructural constituents are identified using optical microscopy, based on the average grain size and the
distribution of alloying elements throughout the material. Concerning the pro-eutectoid ferrite microstructure, the
carbon rich phases are located along the prior austenite grain boundaries. While in the case of lath bainite and
acicular ferrite, the carbon is distributed throughout the ferrite matrix in the form of strip-like cementite particles
along the bainitic ferrite lath boundaries or the lenticular ferrite plates in the case of acicular ferrite. Accordingly,
the carbon depleted regions are distinguished as white and the carbon rich phases reveal as dark after etching.

With regard to the martensite microstructural constituents, the diffusionless martensite transformation is
associated with a supersaturated solid solution of carbon in the ferrite matrix. Accordingly, the martensite
microstructural constituents are revealed as dark etching elements that are distributed throughout the ferrite
matrix. The tempering heat treatment of the lath bainite and martensite microstructural constituents results in the
redistribution of microstructural constituents and the coarsening of the microstructure. As a result, the
microstructure of both tempered lath bainite and tempered martensite consists of uniformly dispersed cementite
particles embedded within a ferrite matrix. Both the tempered lath bainite and martensite microstructural
constituents are revealed faded after etching due to the dispersed cementite particles.

With regard to the granular bainite constituents, individual phases of retained austenite and martensite are
distinguished, referred to as M-A constituents. According to literature, the formation of M-A constituents result
from the instantaneous cooling of the material in the austenite phase [39]. As described, during the granular bainite
formation the residual austenite is stabilized by the carbon partitioning from the bainitic ferrite. Since the
continuous cooling prohibits the diffusion-controlled transformation of the residual austenite into ferrite and
cementite, the untransformed austenite is decomposed into M-A constituents containing both lath martensite and
retained austenite [38].

4.3.1.1 Optical microscopy

The microstructure that results from the application of the cooling methods is described for the test cases 1 to 5
regarding the material constituting the experimental fifteen-layer weld deposit. The microstructural constituents
that are observed for the test cases 1 to 5 are shown in Figure 42 to Figure 46.
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4.31.1.1 Testcasel

A predominantly coarse-grained ferritic microstructure is observed regarding the material constituting the
experimental fifteen-layer weld deposit corresponding to test case 1, as shown in Figure 42. With regard to the
top segment, colonies of granular bainite are distinguished throughout the ferritic matrix revealing both
allotriomorphic and polygonal ferrite constituents. While regarding the material constituting both the middle
segment and the bottom segment, colonies of tempered lath bainite are observed along the prior austenite grain
boundaries. Further, a reduced amount of pro-eutectoid ferrite and granular bainite is observed compared to the
materiel constituting the top segment of the experimental fifteen-layer weld deposit.
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Figure 42: Microstructural morphology of the material constituting the multilayer weld deposit corresponding to test case 1.
Indicating the microstructural constituents. [a] Multilayer weld deposit. [b] Top segment of the multilayer weld deposit.
[c] Middle segment of the multilayer weld deposit. [d] Bottom segment of the multilayer weld deposit.
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4.31.1.2 Testcase 2

Two distinct microstructural morphologies are observed for test case 2, regarding the materiel constituting both
the top segment the middle segment and the material constituting the bottom segment of the experimental fifteen-
layer weld deposit. Regarding the top segment, a fine-grained ferritic microstructure interspersed with small
colonies of granular bainite is observed, as shown in Figure 43.a. While regarding the material constituting the
middle segment, a coarse-grained microstructure of granular bainite and martensite constituents is found, as shown
in Figure 43.c. Concerning the materiel constituting the bottom segment shows large fractions of tempered
martensite revealing iron carbides precipitated in the form of lath-like cementite particles embedded within the
ferrite matrix, as shown in Figure 43.d.

Figure 43: Microstructural morphology of the material constituting the multilayer weld deposit corresponding to test case 2.
Indicating the microstructural constituents. [a] Multilayer weld deposit. [b] Top segment of the multilayer weld deposit.
[c] Middle segment of the multilayer weld deposit. [d] Bottom segment of the multilayer weld deposit.
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4.3.1.1.3 Testcase 3

The microstructure of the material constituting the experimental fifteen-layer weld deposit corresponding to test
case 3 is composed of bainite and acicular ferrite microstructural constituents. With regard to the top segment, the
microstructure is mainly composed of lath bainite and acicular ferrite microstructural constituents and small
colonies of granular bainite. As indicated in Figure 44, the lath bainite constituents are observed along the prior
austenite grain boundaries. While the acicular ferrite constituents are distinguished throughout the prior austenite
grain interiors. The microstructure of the material constituting the middle segment and bottom segment show an
increased fraction of acicular ferrite constituents. Further, large colonies of granular bainite are distinguished
regarding the material constituting the bottom segment of the experimental fifteen-layer weld deposit.

Figure 44: Microstructural morphology of the material constituting the multilayer weld deposit corresponding to test case 3.
Indicating the microstructural constituents. [a] Multilayer weld deposit. [b] Top segment of the multilayer weld deposit.
[c] Middle segment of the multilayer weld deposit. [d] Bottom segment of the multilayer weld deposit.
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4.31.1.4 Testcase4

The microstructure of the material constituting the experimental fifteen-layer weld deposit corresponding to test
case 4 consists of fine-grained acicular ferrite interspersed with both fine-grained martensite and granular bainite
constituents. Regarding the material constituting both the top segment and the middle segment. It is observed that
the fine grained granular bainite constituents are formed along specific orientations, in the direction of the
maximum temperature gradient, as shown in Figure 45.b and Figure 45.c. The microstructure of the materiel
constituting the bottom segment reveals an increased amount of tempered martensite compared to the materiel
forming both the top segment and the middle segment of the experimental fifteen-layer weld deposit.

Figure 45: Microstructural morphology of the material constituting the multilayer weld deposit corresponding to test case 4.
Indicating the microstructural constituents. [a] Multilayer weld deposit. [b] Top segment of the multilayer weld deposit.
[c] Middle segment of the multilayer weld deposit. [d] Bottom segment of the multilayer weld deposit.
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4.31.1.5 Testcase5

A predominantly martensitic microstructure is observed for test case 5, regarding the material constituting the
experimental fifteen-layer weld deposit. Regarding the top segment, a predominantly fine-grained ferritic
microstructure revealing martensite microstructural constituents is observed. While with regard to both the middle
segment and the bottom segment, a layer band morphology is observed of alternating regions revealing a fine-
grained microstructure and regions showing a coarse-grained microstructure, as shown in Figure 46. With regard
to the fine-grained layer band regions, the microstructure consists of fine-grained tempered martensite embedded
in a ferrite matrix, as shown in Figure 46.c. While in the coarse-grained layer band regions, the iron carbides are
precipitated in the form of lath-like cementite particles embedded within a ferrite matrix, as shown in Figure 46.d.
Further, the presence of granular bainite constituents is observed in the coarse-grained layer band regions.

Figure 46: Microstructural morphology of the material constituting the multilayer weld deposit corresponding to test case 5.
Indicating the microstructural constituents. [a] Multilayer weld deposit. [b] Top segment of the multilayer weld deposit.
[c] Middle segment of the multilayer weld deposit. [d] Bottom segment of the multilayer weld deposit.
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4.3.2 Microstructural morphology

The microstructure that results from the application of the cooling methods is described in terms of the
microstructural morphology considering the average grain size and the distribution of alloying elements throughout
the material constituting the experimental fifteen-layer weld deposit.

Both the average grain size and the distribution of alloying elements are influenced by locally attained chemical
composition and temperature field that is experienced by the material constituting the experimental fifteen-layer
weld deposit, associated with the formation of three distinct microstructural regions. With regard to the top
segment both the average grain size and the distribution of alloying elements are primarily influenced by the
solidification process [62], [63]. While regarding the middle segment and the bottom segment, both the average
grain size and the distribution of alloying elements are influenced by the periodic thermal cycling of the temperature
values related to the deposition process [60]. Further, a layer band morphology of alternating regions of fine-
grained and coarse-grained microstructure is formed due to the movement of the welding heat source in the
building direction [59].

In addition to the locally attained temperature field, the microstructural morphology affects the formation of the
microstructural constituents. A small average grain size results in a refined microstructure as well as the formation
of bainite constituents due to the large grain boundary area. While, the formation of acicular ferrite constituents is
promoted by an increased average grain size and the homogeneous distribution of alloying elements throughout
the material.

4.3.2.1 Average grain size

The average grain size affects both the microstructural morphology and the different microstructural constituents
that are formed during the austenite decomposition [64]. A reduced prior austenite grain size promotes a refined
microstructure as well as the formation of bainite constituents due to the increased prior austenite grain boundary
area. While, the formation of acicular ferrite constituents is promoted by an increased prior austenite grain size and
the homogeneous distribution of non-metallic inclusions throughout the prior austenite matrix [44]. Further, the
prior austenite grain size affects the transformation temperatures. A reduction of the prior austenite grain size is
associated with reduced transformation temperatures [38]. While an increased prior austenite grain size promotes
the auto-tempering of both the bainite and martensite constituents, resulting in the formation of more prominent
carbide precipitates.

As a general trend, it is observed that the average grain size is reduced as a result of the periodic thermal cycling of
the temperature values. Expressed by a reduced average grain size of the microstructure regarding the material
constituting the middle segment and bottom segment of the experimental fifteen-layer weld deposit. The most
pronounced reduction of the average grain size resulting from the periodic thermal cycling is observed for the test
cases 2 and 4 regarding the material constituting the middle segment and bottom segment of the experimental
fifteen-layer weld deposit. While for both the test cases 1 and 3, the effect is less evident, and an almost uniform
grain size is observed regarding the microstructure of the material constituting the experimental fifteen-layer weld
deposit. A clear exception to the general trend is observed for test case 5, for which the smallest average grain size
is observed regarding the material constituting the top segment of the experimental fifteen-layer weld deposit.
Also, with regard to test case 2, the microstructure of the material constituting the middle segment reveals a larger
average grain size compared to the material constituting both the top segment and the bottom segment of the
experimental fifteen-layer weld deposit.

A uniform coarse-grained microstructural morphology is observed for the test cases 1 and 3 regarding the material
constituting the experimental fifteen-layer weld deposit. While for the test cases 2 and 5, two distinct
microstructural morphologies are observed regarding the top segment and the bottom segment. For test case 4 a
minimal difference is observed concerning the microstructural morphology of the material constituting the bottom
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segment and the top segment of the experimental fifteen-layer weld deposit. The largest average grain sizes are
observed for test cases 1 and 3 regarding the material constituting the experimental fifteen-layer weld deposit.
While the smallest average grain sizes are observed are observed for the test cases 2, 4 and 5, regarding the bottom
segment and the experimental fifteen-layer weld deposit corresponding to the test cases 2 and 4, and both the top
segment and the fine-grained layer band regions corresponding to test case 5 respectively. As an approximation,
the dimensions of the coarse-grained microstructural morphologies that are observed the test cases 1 and 3 are in
the order of 20 um and 5 um respectively. While the dimensions of the fine-grained microstructural morphologies
that are found for the test cases 2, 4 and 5 are in the order of 5 ym and 1 um respectively.

4.3.2.1.1  Primary structure

The primary microstructure is formed as a result of the solidification process regarding the material that experiences
no subcritical heat treatment. In this regard, the solidification conditions of the primary microstructure are directly
related to the weld pool characteristics [39].

The primary microstructure is characterized by the epitaxial growth of columnar grains that are nucleated at the
fusion boundary. The columnar grains result from the preferred crystallographic growth directions that develop
under the influence of the maximum temperature gradient, related to the weld pool characteristics [39]. The
primary microstructure is observed for the test cases 1 to 5, regarding the material constituting the two upper
layers of the experimental fifteen-layer weld deposit. This observation is in accordance with the thermal cycle peak
temperatures. According to Figure 33, the two upper layers of the multilayer weld deposit are subjected to
temperature values exceeding the melting temperature. Also, the columnar grains are aligned in the building
direction of the maximum temperature gradient.

In addition, the top segment of the multilayer weld deposit is defined by the region that is bounded by the bottom
layer for which the last thermal cycle peak temperature exceeds the A;-temperature, as indicated in Figure 33.
With regard to the test cases 2 and 5, the material constituting the top segment is bounded by eight and six layers
respectively. This observation is in agreement with the thermal cycle peak temperatures. According to Figure 33,
it is observed that for the test cases 2 and 5 the thermal cycle peak temperatures exceeding the A;-temperature
correspond to the first eight and six thermal cycles respectively.

4.3.2.1.2 Layer band morphology

With regard to both the middle segment and the bottom segment of the experimental fifteen-layer weld deposit.
A layer band morphology of alternating regions of fine-grained and coarse-grained microstructures is formed due
to the movement of the welding heat source in the building direction.

The layer band morphology results from the locally attained temperature field. Since both the amount of grain
growth and grain refinement are related to the thermal cycle peak temperatures. According to Figure 33, the two
upper layers of the weld deposit are subjected to temperature values exceeding the melting temperature. While
with regard to the underlying layer, the region closest to the welding heat source is subjected to temperature values
in the temperature range between 1200 °C and the melting temperature, indicating that grain growth is facilitated.
The region further removed from the welding heat source is subjected to temperature values in the temperature
range between the A;-temperature and 1200 °C, indicating that limited grain growth and grain refinement is
facilitated.

The most pronounced layer band morphology is observed for test case 5. Whereby, the mutual distance between
the layer band regions of the respective layers corresponds to a single layer thickness. This observation is in
agreement with the thermal cycle peak temperatures that are observed for test case 5. According to Figure 33, the
thermal cycle peak temperatures of the first two thermal cycles exceed the melting temperature. While the thermal
cycle peak temperatures corresponding to the third and fourth thermal cycle attain values in the temperature range
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between 1200 °C and the melting temperature and the A;-temperature and 1200 °C respectively. Indicating that
with regard to the third layer, the thermal cycle peak temperatures are sufficiently high to facilitate grain growth in
the region closest to the welding heat source. While in the region further removed from the welding heat source
grain refinement is induced. As a result, layer band morphology of alternating regions of fine-grained and coarse-
grained microstructures is formed due to the movement of the welding heat source in the building direction.

4.3.2.2 Distribution of alloying elements

The distribution of alloying elements throughout the material is influenced by the locally attained temperature field.
During the solidification process, the concentration of alloying elements is increased in front of the solidification
interface due to the local temperature gradient that results from the constitutional supercooling during the
solidification process [38]. Further, the distribution of alloying elements is affected by the locally attained
temperature gradient that is associated with the deposition process [39]. Meanwhile, the homogeneous
distribution of alloying elements throughout the material is promoted by a sufficiently high component mean
temperature.

An increased concentration of alloying elements is observed at the fusion boundaries of the individual weld layers
constituting the experimental fifteen-layer weld deposit corresponding to the test cases 1 to 5, resulting from the
constitutional supercooling during the solidification process. Further, the segregation of alloying elements is
observed in the building direction along the direction of the maximum temperature gradient. The most pronounced
effect of the local redistribution of alloying elements is observed regarding the coarse-grained microstructure
regions, corresponding to the middle segment and the coarse-grained layer band regions of the test cases 2 and 5
respectively. The redistribution of alloying elements results in the formation of carbon rich and carbon depleted
regions. According to Figure 43 and Figure 46, the granular bainite constituents are located in the carbon depleted
regions. While both the martensite and acicular ferrite constituents are observed in the carbon rich regions.

An important strengthening mechanism of the electrode material X90 is precipitation strengthening whereby the
alloying elements form fine carbide and carbonitride precipitates [37]. Therefore, the distribution of the alloying
elements affect the resulting microstructure of the material constituting the experimental fifteen-layer weld
deposit. Further, the distribution of carbide precipitates throughout the material is influenced by the
transformation mechanism. According to Figure 45, the diffusion-controlled transformation results in the localized
presence of carbon along the prior austenite grain boundaries. While concerning the displacive transformation,
there is no long-range partitioning of both substitutional and interstitial elements between the ferrite and the
untransformed austenite. Consequently, the low solubility of carbon in ferrite promotes the diffusion of carbon
toward the prior austenite grain boundaries. As observed for the pro-eutectoid ferrite microstructure. While in the
case of lath bainite and acicular ferrite, the carbon precipitates are distributed throughout the ferrite matrix in the
form of strip-like cementite particles along the bainitic ferrite lath boundaries or the lenticular ferrite plates in the
case of acicular ferrite. The diffusionless martensite transformation results in the formation of a supersaturated
solid solution of carbon in the ferrite matrix. Further, the microstructure of lath martensite consists predominantly
of high densities of dislocations resulting from the diffusionless transformation from austenite. With regard to
granular bainite, the carbon is partitioned from the bainitic ferrite to the residual austenite resulting in a
microstructure containing both retained austenite and martensite.
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4.3.3 Hardness values

The hardness values are related to the average grain size and the distribution of the alloying elements throughout
the material. A coarse-grained microstructure and the localized presence of carbide precipitates is associated with
low hardness values. While higher hardness values indicate a fine-grained microstructure and the presence of
carbon precipitates throughout the ferrite matrix.

The hardness values are correlated to the strengthening mechanisms of the electrode material X90 including grain
refinement, solid solution strengthening, precipitation strengthening and dislocation strengthening [37], . Since the
formation of the microstructural constituents is influenced by the transformation mechanism, the distribution of
the carbide precipitates is correlated to the microstructural constituents throughout the material. As described in
Section 2.4.1, the hardness values are correlated to the various microstructural constituents as shown in Figure 23.
Regarding the pro-eutectoid ferrite microstructure, the low solubility of carbon in ferrite in combination with the
localized presence of carbon precipitates at the prior austenite grain boundaries corresponds to hardness values in
the range between 300 HV0.5 and 340 HV0.5. While regarding both lath bainite and acicular ferrite microstructure,
the presence of carbon precipitates throughout the ferrite matrix in the form of either cementite or retained
austenite and martensite is indicated with hardness values in the range between 340 HV0.5 and 400 HV0.5. The
granular bainite microstructure is associated with intermediate hardness values compared to pro-eutectoid ferrite
and both lath bainite and acicular ferrite. The highest hardness values corresponding to the martensitic
microstructure are in the order of 400 HVO0.5.

4.3.3.1 Hardness measurement values

The hardness profile is characterized by the average hardness value and the standard deviation of the hardness
values, as expressed in Equation 22.

(22]

o  The standard deviation of the hardness values [HV0.5]
U Average hardness value [HV0.5]
N  Number of hardness measurement values

Xx;  Hardness measurement value [HV0.5]

The distribution of microstructural constituents throughout the material is correlated to the standard deviation of
the hardness values [38], [39]. The values of the average hardness and the standard deviation of the hardness values
corresponding to the test cases 1 to 5, are shown in Table 15. The values of the hardness measurement values and
the standard deviation of the hardness values corresponding to the test cases 1 to 5, are provided in Appendix E.1.

Table 15: The average hardness values and the standard deviation of the hardness values corresponding to the test cases 1 to 5.

Bottom/Middle segment Top segment

U [HV0.5] o [HV0.5] U [HVO0.5] o [HV0.5]
Test case 1 297.2 7.4 Idem
Test case 2 346.7 7.8 317.6 8.2
Test case 3 309.5 10.3 323.8 134
Test case 4 346.5 10.0 Idem 13.2
Test case 5 326.7 144 387.6 16.3
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The hardness values are measured at the measurement points on the cross-sectional area of the experimental
fifteen-layer weld deposit, positioned in six rows with a mutual distance of 1 mm in the y-direction and a mutual
distance of 0.3 mm in the z-direction. A schematic representation of the hardness values that are measured for the
test cases 1to 5, is shown in Figure 47.
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Figure 47: Schematic representation of the hardness measurement values. [a] Test case 1: Natural cooling, interlayer waiting
time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3: Active substrate cooling, interlayer waiting
time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5: Active component cooling,
interlayer waiting time 40s.
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The lowest hardness values are observed for the test cases 1 and 3 regarding the material constituting the
experimental fifteen-layer weld deposit. While the highest hardness values are found for the material constituting
the bottom segment of the experimental fifteen-layer weld deposit corresponding to test case 2, and the material
constituting the experimental fifteen-layer weld deposit corresponding to the test cases 4 and 5 respectively.
A uniform hardness profile is observed for the test cases 1 and 3 regarding the material constituting the
experimental fifteen-layer weld deposit. While for the test cases 2 and 5, two distinct hardness profiles are
observed regarding the material constituting the top segment and the bottom segment. For test case 4 a small
difference is observed regarding the hardness profiles of the material constituting the bottom segment and the
top segment of the experimental fifteen-layer weld deposit.

According to Table 15, the average hardness values that are observed for the test cases 1 and 3 regarding the
material constituting the bottom segment are equal to 297.2 HV0.5 and 309.5 HVO0.5 respectively. While, the
standard deviation of the hardness values of the material constituting the bottom segment are equal to 7.4 HV0.5
and 10.3 HVO0.5 for the test cases 1 and 3 respectively. Further, the hardness profile corresponding to test case 3
regarding the top segment is characterized by an average hardness value of 323.8 HV0.5 and a standard deviation
of 13.4 HV0.5. Similarly, regarding the test cases 2 and 4, it is observed that the average hardness values regarding
the material constituting the bottom segment are of the same order, equal to 346.7 HV0.5 and 346.5 HV0.5 for the
test cases 2 and 4 respectively. While, the standard deviation of the hardness values that is found for the test case
4 is a factor two higher compared to the value that is observed for test case 2, equal to 7.8 HV0.5 and 14.3 HV0.5
for the test cases 2 and 4 respectively. Further, it is observed that for test case 2 the hardness profile of the top
segment is characterized by an average hardness of 317.6 HV0.5 and a standard deviation of 8.2 HVO0.5.

The highest average hardness value is observed for test case 5 regarding the material constituting the top segment
of the experimental fifteen-layer weld deposit. According to Table 15, the hardness profile of the material
constituting the bottom segment is characterized by an average hardness of 326.7 HV0.5 and a standard deviation
of 14.4 HVO0.5. While, the hardness profile of the material constituting the top segment is characterized by an
average hardness of 387.6 HV0.5 and a standard deviation of 16.3 HV0.5. Concerning the layer band morphology
that is observed for the material constituting both the middle segment and the bottom segment of the experimental
fifteen-layer weld deposit. The average hardness values corresponding to the fine-grained and coarse-grained layer
band regions are equal to 387.6 HV0.5 and 387.6 HVO0.5 respectively.
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4.3.4 Thermal characteristics

An important aspect of the F.E. model is to describe the temperature field that is experienced by the material
constituting the experimental fifteen-layer weld deposit. Accordingly, the F.E. model allows to describe the effect
of the cooling methods on the microstructure of the deposited material in terms of the thermal characteristics
including the temperature distribution, the locally attained temperature values, the cooling rates and the
temperature gradients throughout the component.

In this section, the effect of the thermal characteristics that are calculated in the F.E. model on the resulting
microstructure of the material constituting the experimental fifteen-layer weld deposit is evaluated for the test
cases 1 to 5. Further, the effect of the thermal characteristics that are calculated in the F.E. model on the formation
of the microstructural constituents and the hardness values are evaluated in relation to the microstructural
morphology of the material constituting the experimental fifteen-layer weld deposit.

As described in Section 4.2.1, the microstructural transformations are related to the thermal characteristics that
are calculated in the F.E. model. The thermal cycle peak temperatures are associated with the amount of grain
growth, grain refinement and the formation of partial transformation products. While the thermal cycle through
temperatures are related to the martensitic transformation. The component mean temperature affects the
substitutional diffusion of alloying elements, recrystallization, grain growth and the amount of grain refinement.
Both the microstructural morphology and the formation of microstructural constituents are affected by the cooling
rate. Further, the distribution of alloying elements throughout the material is influenced by the locally attained
temperature gradient. A schematic overview of the locally attained temperature values that are calculated in the
F.E. model in relation to the microstructural transformations corresponding to the test cases 1 to 5, is shown in
Table 16 to Table 18.

Table 16: The locally attained temperature values in relation to the microstructural transformations for the test cases 1 to 5,
calculated at the temperature measurement point Tc-C1.

Test case 1 Test case 2 Test case 3 Test case 4 Test case 5

1200°C < Tp < Ty [ ] ] [ ] ] ]
Ty < Tp < 1200°C EEEE (1] EEE mm [ ]
Ty < Tp < Ty EEE m EEnN (] ] ]

T, < Ty — m [ EEE EEEEN
T < Tys — ] - ] ]

Table 17: The locally attained temperature values in relation to the microstructural transformations for the test cases 1 to 5,
calculated at the temperature measurement point Tc-C5.

Test case 1 Test case 2 Test case 3 Test case 4 Test case 5

1200°C < Tp < Ty [ ] ] [ ] ] ]
Ty < Tp < 1200°C L ] ] ] (] ] EEE Em ]
Ty < Tp < Ty3 — ] — ] ]

T, < Ty — = — — ]

T < Tuys — . - ] [ ]

Table 18: The component mean temperature in relation to the microstructural transformations for the test cases 1 to 5,
calculated as the average value at the temperature measurement points Tc-B2, Tc-D1, Tc-D5 and Tc-D10.

Test case 1 Test case 2 Test case 3 Test case 4 Test case 5
Trmean > 500°C [ ] ] [ ] — =
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4.3.4.1 Microstructural morphology

In the experimental results, the microstructural morphology is described in terms of the average grain size and the
distribution of alloying elements throughout the material. Both the average grain size and the distribution of
alloying elements throughout the material affect the formation of the microstructural constituents. The
microstructural transformations that occur during the deposition process of the material constituting the
experimental fifteen-layer weld deposit are discussed based on the thermal characteristics corresponding to the
test cases 1 to 5.

4.3.4.1.1 Thermal cycle peak temperatures

For temperature values in the temperature range between 1200 °C and the melting temperature, grain growth is
facilitated. While, for temperature values in the temperature range between the A;-temperature and 1200 °C,
limited grain growth and grain refinement is induced. Further, the formation of partial transformation products is
induced for temperature values reaching the inter-critical temperature range. While for temperature values below
the A;-temperature, tempering and ageing phenomena are induced.

43.4.1.1.1 Grain growth

The amount of grain growth that is expected based on the attained thermal cycle peak temperatures is of the same
order for the test cases 1 to 5 regarding the material constituting the experimental fifteen-layer weld deposit.
According to the thermal cycle peak temperatures that are calculated at the temperature measurement points
Tc-C1 and Tc-C5, as shown in Figure 36.a and Figure 36.b respectively. It is observed that for the test cases 1 to 5
grain growth is facilitated during a single thermal cycle regarding the top segment, the middle segment and the
bottom segment of the experimental fifteen-layer weld deposit.

43.4.1.1.2 Grain refinement

The amount of limited grain growth and grain refinement that is expected considering the attained thermal cycle
peak temperatures is in accordance with the order in which the highest thermal cycle peak temperatures are
observed for the test cases 1 to 5 regarding the material constituting the bottom segment of the experimental
fifteen-layer weld deposit. According to the thermal cycle peak temperatures that are calculated at the temperature
measurement point Tc-C1, as shown in Figure 36.a. It is observed that for test case 1, limited grain growth and
grain refinement is induced during four successive thermal cycles. While for the test cases 2 and 3, limited grain
growth and grain refinement is induced during three successive thermal cycles. For the test cases 4 and 5, limited
grain growth and grain refinement is induced during two successive thermal cycles and a single thermal cycle
respectively.

With regard to the material constituting middle segment and the bottom segment of the experimental fifteen-layer
weld deposit. The amount of limited grain growth and grain refinement that is expected considering the attained
thermal cycle peak temperatures is of the same order for both the test cases 1 and 3, and the test cases 2 and 4
respectively. According to the thermal cycle peak temperatures that are calculated at the temperature
measurement point Tc-C5, as shown in Figure 36.b. It is observed that for both the test cases 1 and 3, limited grain
growth and grain refinement is induced during three successive thermal cycles. While for the test cases 2 and 4,
limited grain growth and grain refinement is induced during two successive thermal cycles. For test case 5, limited
grain growth and grain refinement is induced during a single thermal cycle.

43.4.1.1.3 Partial transformation

The extent to which the formation of partial transformation products is induced considering the attained thermal
cycle peak temperatures is expected to be of the same order for both the test cases 1 and 3, and the test cases 2
and 4 respectively regarding the material constituting the experimental fifteen-layer weld deposit. According to the
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thermal cycle peak temperatures that are calculated at the temperature measurement points Tc-C1 and Tc-C5, as
shown in Figure 36.a and Figure 36.b respectively. It is observed that for both the test cases 1 and 3, the formation
of partial transformation products is induced during three successive thermal cycles. While for both the test cases
2 and 4, the formation of partial transformation products is induced during two successive thermal cycles. For test
case 5, the formation of partial transformation products is induced during a single thermal cycle.

4.3.4.1.2 Thermal cycle through temperatures

With regard to thermal cycle through temperatures attaining values below the martensitic start temperature. The
martensite transformation is induced when the material is rapidly cooled from temperatures exceeding the
A;-temperature. Since the thermal cycle peak temperatures of the first two thermal cycles exceed the melting
point, the effect of the thermal cycle through temperatures are considered from the second thermal cycle onward.

4.3.4.1.2.1 Martensitic transformation

With regard to both the test cases 1 and 3. It is observed that the thermal cycle through temperatures of the
successive thermal cycles attain values exceeding the martensitic transformation temperature. Indicating that for
both the test cases 1 and 3, no martensitic transformation is induced with regard to the material constituting the
bottom segment, the middle segment and the top segment of the experimental fifteen-layer weld deposit.

For test case 2, a clear distinction is observed with regard to the martensitic transformation regarding the material
constituting the bottom segment, the top segment and middle segment of the experimental fifteen-layer weld
deposit. With regard to the bottom segment, the thermal cycle through temperatures of the thermal cycles 2 to 4
drop below the martensitic transformation temperature. While from the fifth thermal cycle onward, the thermal
cycle through temperatures attain values exceeding the martensitic transformation temperature. Regarding the
middle segment, the thermal cycle through temperatures attain values exceeding the martensitic transformation
temperature. Indicating that for test case 2, the martensitic transformation is induced during successive thermal
cycles regarding the material constituting the bottom segment. While, no martensitic transformation is induced
regarding the material constituting both the top segment and the middle segment of the experimental fifteen-layer
weld deposit.

For both the test cases 4 and 5, all thermal cycle through temperatures attain values below the martensitic
transformation temperature. Indicating that for both the test cases 4 and 5, the martensitic transformation is
induced during successive thermal cycles regarding the material constituting the fifteen-layer weld deposit. In
addition, the thermal cycle through temperatures corresponding to test case 5 attain lower values below the
martensitic transformation temperature compared to the thermal cycle through temperatures that are found for
test case 4. According to Figure 37, the thermal cycle through temperatures corresponding to test case 5 are about
49.4 % lower compared to the thermal cycle through temperatures that are found for test case 4. Indicating that
for test case 5, the martensitic transformation is further proceeded during the successive thermal cycles.

43.4.1.3 Component mean temperature

The component mean temperature affects by means of tempering and ageing phenomena the extent in which the
substitutional diffusion of alloying elements, recrystallization, grain growth and the amount of grain refinement is
facilitated. The effect of the tempering heat treatment is described based on the equilibrium mean temperatures
of the experimental fifteen-layer weld deposit that are recorded during the deposition process of the experimental
fifteen-layer weld deposit.

4.3.4.1.3.1 Tempering and ageing

Based on the component mean temperatures. It is observed that for test cases 1 to 3, the equilibrium mean
temperatures regarding the material constituting the experimental fifteen-layer weld deposit attain values in the
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range between 500 °C and the A, -temperature during the deposition process. Indicating that the attained
equilibrium mean temperatures are sufficiently high to facilitate the substitutional diffusion of alloying elements,
recrystallization and grain growth. Indicating that for test cases 1 to 3, the amount of grain refinement that is
expected based on the thermal cycle peak temperatures is reduced by considering the effect of the equilibrium
mean temperature values regarding the material constituting the experimental fifteen-layer weld deposit.

In addition, with regard to the test cases 2 and 3, a distinction is observed regarding the tempering heat treatment
of the material constituting the bottom segment of the experimental fifteen-layer weld deposit. During the
deposition of the bottom segment, the equilibrium mean temperature values regarding the bottom segment
corresponding to the test cases 2 and 3 attain values in the range between 500 °C and the A,-temperature. While
during the deposition of the middle segment and the top segment, the equilibrium mean temperature values
regarding the bottom segment corresponding to the test cases 2 and 3 attain values in the range between 250 °C
and 500 °C. Indicating that with regard to the material constituting the bottom segment, the amount of grain
refinement that is expected based on the thermal cycle peak temperatures is reduced by considering the effect of
the equilibrium mean temperature values during the deposition of the bottom segment. While during the
deposition of the middle segment and the top segment, the precipitation of iron carbides is induced.

For the test cases 4 and 5, the equilibrium mean temperature values regarding the material constituting the
experimental fifteen-layer weld deposit attain values in the range between 250 °C and 500 °C during the
deposition process. Indicating that the attained equilibrium mean temperature values regarding the experimental
fifteen-layer weld deposit prohibit the substitutional diffusion of alloying elements, recrystallization and grain
growth. Instead, the precipitation of iron carbides is induced regarding the material constituting the experimental
fifteen-layer weld deposit. Hence, for the test cases 4 and 5, the attained equilibrium mean temperature values
have no effect on the amount of limited grain growth and grain refinement that is expected based on the thermal
cycle peak temperatures.

43.4.1.4 Cooling rate

In addition to the locally attained temperature values, the formation of the microstructural constituents is related
to the cooling rate. Depending on the cooling rate, the austenite phase is decomposed into the microstructural

constituents, as shown in Figure 23.

Considering the values of the average cooling rates, the resulting microstructure of the material constituting the
experimental fifteen-layer weld deposit corresponding to the test cases 1 to 5 is expected to consist of mainly
bainite and acicular ferrite microstructural constituents. According to the cooling rates that are calculated at the
temperature measurement points Tc-C1 and Tc-C5, as shown in Figure 38 and Figure 39 respectively. It is observed
that the average values of the cooling rate during the cooling stage of the first thermal cycle corresponding to the
test cases 1 to 5 are equal to -30.5 °C /s- While concerning the cooling stage of the fifth thermal cycle, the average
values of the cooling rate are equal to -14.5 °C /S for the test cases 1 to 5. Indicating that the formation of lath
bainite and acicular ferrite is expected to occur during the cooling stages of the first thermal cycle. While an
increased amount of granular bainite is expected to be formed during the cooling stages of the subsequent thermal
cycles. With regard to the martensite transformation. The average cooling rates corresponding to the test cases 1
to 5 allow for the martensite formation to occur when that the thermal cycle through temperatures attain values

below the martensitic start temperature.

4.3.4.1.5 Temperature gradient

With regard to the local temperature gradient that is experienced by the material constituting the experimental
fifteen-layer weld deposit. A distinction is made between the local temperature gradient that is directly related to
the weld pool characteristics and the deposition process.
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Regarding the local temperature gradient that is directly related to the weld pool characteristics. This applies to the
primary microstructure that is observed for the test cases 1 to 5 regarding the material constituting the two upper
layers of the experimental fifteen-layer weld deposit. As described, the primary microstructure is characterized by
the epitaxial growth of columnar grains that result from the preferred crystallographic growth directions that
develop under the influence of the maximum temperature gradient, directly related to the weld pool
characteristics. In addition, the increased concentration of alloying elements that is observed at the fusion
boundaries of the individual weld layers constituting the experimental fifteen-layer weld deposit is related to the
local temperature gradient that results from the constitutional supercooling during the solidification process.

The segregation of alloying elements in the building direction is attributed to the maximum temperature gradient
related to the deposition process. This observation is in agreement with the values of the maximum temperature
gradient that are found for the test cases 1 to 5. According to Figure 40, the values of the temperature gradient in
the z-direction are significant higher compared to the corresponding values in the y- and z-direction during the
deposition of the multilayer weld deposit. With regard to test case 4, the specific orientation of the fine grained
granular bainite constituents that are observed regarding the material constituting both the top segment and the

middle segment is attributed to the local value of the maximum temperature gradient.
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4.3.4.2 Microstructural constituents

The formation of the microstructural constituents throughout the material constituting the experimental fifteen-
layer weld deposit are discussed in relation to the thermal characteristics corresponding to the test cases 1 to 5.

With regard to the granular bainite constituents that are observed for the test cases 1 to 5. It is found that both the
amount and size of the granular bainite constituents is increased as a result of the tempering heat treatment
regarding the material constituting the middle segment and the bottom segment of the experimental fifteen-layer
weld deposit.

In contrast to the general observation, a reduced amount of granular bainite constituents is observed for test case
1 regarding the material constituting both the middle segment and the bottom segment of the experimental fifteen-
layer weld deposit. This observation is due to the increased degree of homogenization of the microstructural
constituents throughout the material. As indicated, the granular bainite constituents are located in the carbon
depleted regions. While both the martensite and acicular ferrite constituents are found in the carbon rich regions.
In this regard, the presence of granular bainite constituents is correlated to the inhomogeneous distribution of
alloying elements throughout the material. According to the F.E. temperature values, the equilibrium mean
temperature values corresponding to test case 1 are sufficiently high to facilitate the substitutional diffusion of
alloying elements, recrystallization and grain growth. Confirming that based on the F.E. temperature values, a
reduced amount of granular bainite constituents is expected for test case 1 regarding the material constituting both
the middle segment and the bottom segment of the experimental fifteen-layer weld deposit.

Similarly, the presence of acicular ferrite constituents can be correlated to the F.E. temperature values. Since the
acicular ferrite constituents are formed by the heterogeneous nucleation on non-metallic inclusions inside the prior
austenite grain interiors. The formation of acicular ferrite constituents is promoted by an increased prior austenite
grain size and the homogeneous distribution of non-metallic inclusions throughout the prior austenite grain
interiors. According to the F.E. temperature values, the equilibrium mean temperature values corresponding to the
test cases 2 to 5 prohibit the substitutional diffusion of alloying elements, recrystallization and grain growth.
Indicating that for the test cases 2 to 5, both the carbide precipitates and non-metallic inclusions are retained
throughout the prior austenite matrix. Thus, providing nucleation sites for the acicular ferrite constituents.

Indeed, the presence of acicular ferrite constituents is observed for the test cases 2 to 4 regarding the material
constituting the experimental fifteen-layer weld deposit. As indicated, the material corresponding to test case 3 is
homogeneously composed of both bainite and acicular ferrite constituents. Although, the material constituting the
top segment and the bottom segment show an increased fraction of lath bainite and granular bainite constituents
respectively. This observation is explained by the competitive formation of lath bainite and acicular ferrite which
depends on both the prior austenite grain size and the distribution of microstructural constituents throughout the
material [39]. In this regard, the increased fraction of lath bainite that is observed for the material constituting the
top segment is due to a lower degree of homogenization. While regarding the bottom segment, the increased
fraction of granular bainite is attributed to the tempering heat treatment as earlier discussed.

Also concerning the martensitic microstructure, it is found that the martensite formation is in agreement with the
F.E. thermal cycle through temperatures that are observed for the test cases 2, 4 and 5. Indicating that for test case
2, the martensitic transformation is induced during successive thermal cycles regarding the material constituting
the bottom segment. While no martensitic transformation is induced regarding the material constituting both the
middle segment and the top segment. While for both the test cases 4 and 5, the martensitic transformation is
induced during successive thermal cycles regarding the material constituting the experimental fifteen-layer weld
deposit. Confirming that based on the F.E. thermal cycle through temperatures, the martensite formationisinduced
regarding the material constituting the bottom segment corresponding to test case 2, and the material constituting
the experimental fifteen-layer weld deposit corresponding to the test cases 4 and 5.
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Further, the presence of tempered martensite is in accordance with the F.E. equilibrium mean temperature values
that are observed for the test cases 2 and 4 regarding the material constituting the middle segment and the bottom
segment, and the coarse-grained layer band regions corresponding to test case 5 respectively. The same applies to
the presence of tempered lath bainite that is observed for test case 1 and the granular bainite constituents that are
observed for the test cases 2 to 5, regarding the material constituting both the middle segment and the bottom
segment of the experimental fifteen-layer weld deposit. Indicating that both the bainite and martensite
microstructural constituents are subjected to a tempering heat treatment regarding the material constituting both
the middle segment and the bottom segment of the experimental fifteen-layer weld deposit.

4.3.4.3 Hardness values

The hardness values are discussed in relation to the grain size and the size and distribution of the carbide
precipitates throughout the material. Low hardness values are associated with a coarse-grained microstructure and
the localized presence of carbide precipitates. While higher hardness values indicate a fine-grained microstructure
and the presence of carbon precipitates throughout the ferrite matrix in the form of either cementite or retained
austenite and martensite.

The lowest hardness values are observed for the test cases 1 and 3 regarding the material constituting the
experimental fifteen-layer weld deposit. While, the highest hardness values are found for the test cases 2, 4 and 5
regarding the material constituting the bottom segment of test case 2, and the material constituting the
experimental fifteen-layer weld deposit corresponding to the test cases 4 and 5 respectively. A uniform hardness
profile is observed for the test cases 1 and 3 regarding the material constituting the experimental fifteen-layer weld
deposit. While for the test cases 2 and 5, two distinct hardness profiles are observed regarding the top segment
and the bottom segment. For test case 4 a minimal difference is observed concerning the hardness profiles of the
material constituting the bottom segment and the top segment of the experimental fifteen-layer weld deposit. This
observation is in agreement with the microstructural morphologies that are observed for the test cases 1 to 5. As
described, for the test cases 1 and 3 a uniform coarse-grained microstructural morphology is observed regarding
the material constituting the experimental fifteen-layer weld deposit. While for the test cases 2 and 5, two distinct
microstructural morphologies are observed regarding the top segment and the bottom segment. For test case 4 a
minimal difference is observed concerning the microstructural morphology of the material constituting the bottom
segment and the top segment of the experimental fifteen-layer weld deposit.

The low average hardness values that are observed for the test cases 1 and 3 correspond to the coarse-grained
ferritic microstructure regarding the material constituting the fifteen-layer weld deposit. As indicated, the
microstructure of the material corresponding to test case 1 consists of a ferritic matrix containing both
allotriomorphic and polygonal ferrite constituents. While, the microstructure of the material corresponding to test
case 3 is mainly composed of lath bainite and acicular ferrite microstructural constituents. In the case of the pro-
eutectoid ferritic microstructure, the carbon is localized along the prior austenite grain boundaries. While in the
case of lath bainite and acicular ferrite, the carbon is distributed throughout the ferrite matrix in the form of strip-
like cementite particles along the bainitic ferrite lath boundaries or the lenticular ferrite plates in the case of acicular
ferrite respectively. Both the large average grain size and the localized presence of carbon precipitates are in
agreement with the low average hardness values that are observed for the test cases 1 and 3.

The high values of the average hardness that are observed for the test cases 2, 4 and 5, are primarily correlated to
the presence of martensitic microstructural constituents and the fine-grained microstructures regarding the
material constituting the bottom segment and the experimental fifteen-layer weld deposit corresponding to the
test cases 2 and 4, and both the top segment and the fine-grained layer band regions corresponding to test case 5
respectively. With regard to the material constituting the middle segment and the bottom segment of the
experimental fifteen-layer weld deposit.
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The tempering heat treatment of the bainite and martensite microstructural constituents results both in the
redistribution of microstructural constituents and the coarsening of the microstructure. The high density of
dislocations in both bainite and lath martensite provides sites for carbon segregation, carbide precipitation, and is
a driving force for recovery and recrystallization [38]. During the tempering heat treatment, the carbon is removed
from the supersaturated solid solution by the precipitation of iron carbides. Further, the redistribution of alloying
elements between the ferrite and cementite is induced. As a result, the microstructure of both tempered bainite
and tempered lath martensite consists of uniformly dispersed cementite particles embedded within a ferrite matrix.
Both the coarsening of the microstructure and the redistribution of microstructural constituents results in the
reduction of the hardness value.

This observation is in agreement with the presence of large fractions of tempered martensite regarding the material
constituting the bottom segment corresponding to the test cases 2 and 4 and the fine-grained layer band regions
corresponding to 5 respectively. The most pronounced reduction of the hardness values due to the tempering heat
treatment is observed for test case 5 regarding the material constituting both the middle segment and the bottom
segment of the experimental fifteen-layer weld deposit. According to Table 15, the average hardness value of the
material constituting both the middle segment and the bottom segment is equal to 326.7 HV0.5. While the
corresponding hardness value regarding the material constituting the top segment is equal to 387.6 HVO0.5.
Indicating the average hardness value corresponding to test case 5 regarding the material constituting both the
middle segment and the bottom segment is reduced by 15.7 % as a result of the tempering heat treatment.

With regard to the test cases 2 and 4, the hardness values of the material constituting the bottom segment are of
the same order. While the standard deviation of the hardness values corresponding to test case 4 are higher
compared to the values corresponding to test case 2. Indicating that for test case 2, a higher degree of
homogenization of the microstructural constituents is reached compared to test case 4 regarding the material
constituting the experimental fifteen-layer weld deposit.

Similarly, the lowest values of the standard deviation of the hardness measurement values are observed for test
case 1 followed by the values that are found for the test cases 2, 3, 4 and 5 respectively. Indicating that for the test
cases 2 to 5 a lower degree of homogenization of the microstructural constituents is reached compared the material
constituting the experimental fifteen-layer weld deposit corresponding to test case 1. This observation is in
agreement with the order of the component mean temperatures that are observed for the test cases 1 to 5.
According to Figure 34, the highest component mean temperatures are observed for test case 1, followed by the
values that are found for the test cases 2, 3, 4 and 5 respectively. With regard to test case 1, both the hardness
values and the standard deviation of the hardness values assume constant values. This observation is in agreement
with the uniform ferritic microstructure that is observed for test case 1 regarding the material constituting the
experimental fifteen-layer weld deposit. While for the test cases 2 to 5, the standard deviation of the hardness
values regarding the material constituting the bottom segment are reduced due to the tempering heat treatment.
Indicating that for test cases 2 to 5 a higher degree of homogenization of the microstructural constituents is reached
regarding the material constituting the bottom segment compared to the values corresponding to the top segment
of the experimental fifteen-layer weld deposit.
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4.3.5 Conclusions

The F.E. method that is presented in this research allows to describe the effect of the cooling methods on the
microstructure of the deposited material considering the locally attained chemical composition in terms of the
thermal characteristics including the temperature distribution, the locally attained temperature values, the cooling
rates, and the temperature gradients throughout the component.

The microstructure that results from the application of the cooling methods is described in terms of the
microstructural constituents and the microstructural morphology regarding the material constituting the
experimental fifteen-layer weld deposit. The microstructural constituents and the microstructural morphology are
identified using optical microscopy based on the average grain size and the distribution of alloying elements
throughout the material and evaluated in terms of the hardness values.

4.3.5.1 Thermal characteristics

The F.E. method allows to describe the effect of the temperature field on the resulting microstructural in terms of
the thermal characteristics that are calculated for the test cases 1 to 5.

4.35.1.1 Temperature distribution

The component mean temperatures affects by means of tempering and ageing phenomena the extent in which the
substitutional diffusion of alloying elements, recrystallization, grain growth and the amount of grain refinement is
facilitated:

e For test case 1, the component mean temperature is sufficiently high to facilitate the substitutional diffusion
of alloying elements, recrystallization and grain growth regarding the material constituting the experimental
fifteen-layer weld deposit.

For the test cases 2 to 5, the component mean temperatures prohibit the substitutional diffusion of alloying
elements, recrystallization and grain growth. Instead, the precipitation of iron carbides is induced regarding the
material constituting the fifteen-layer weld deposit. Indicating that for the test cases 2 to 5, both the carbide
precipitates and non-metallic inclusions are retained throughout the prior austenite matrix. Thus, providing
nucleation sites for the acicular ferrite constituents. Further, the tempering heat treatment of the bainite and
martensite microstructural constituents result both in the redistribution of microstructural constituents and the
coarsening of the microstructure regarding the material constituting both the middle segment and the bottom
segment of the experimental fifteen-layer weld deposit.

4.3.5.1.2 Thermal cycle peak temperatures

The thermal cycle peak temperatures affect the amount of grain growth, grain refinement and the formation of
partial transformation products:

e For the test cases 1 to 5, the amount of grain growth that is induced based on the thermal cycle peak
temperatures is of the same order regarding the material constituting the experimental fifteen-layer weld
deposit.

e The amount of grain refinement that is facilitated regarding the material constituting the top segment is
consistent with the order in which the thermal cycle peak temperatures are observed for the test cases 1 to 5.
While regarding the material constituting both the middle segment and the bottom segment, the amount of
grain refinement that is induced based on the thermal cycle peak temperatures is of the same order for both
the test cases 1 and 3, and the test cases 2 and 4 respectively.

The extent in which the formation of partial transformation products are formed considering the thermal cycle peak
temperatures is of the same order for both the test cases 1 and 3, and both the test cases 2 and 4 respectively
regarding the material constituting the experimental fifteen-layer weld deposit.
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4.3.5.1.3 Thermal cycle through temperatures

The thermal cycle through temperatures affect the amount of martensite transformation that is induced regarding
the thermal cycle through temperatures attaining values below the martensitic start temperature:

e For both the test cases 1 and 3, no martensitic transformation is induced with regard to the material
constituting the experimental fifteen-layer weld deposit.

e For test case 2, the martensitic transformation is induced during successive thermal cycles regarding the
material constituting the bottom segment. While, no martensitic transformation is induced regarding the
material constituting the middle segment, and the top segment of the experimental fifteen-layer weld deposit.

e For both the test cases 4 and 5, the martensitic transformation is induced during successive thermal cycles
regarding the material constituting the experimental fifteen-layer weld deposit. In addition, the thermal cycle
through temperatures corresponding to test case 5 attain lower values below the martensitic transformation
temperature compared to the thermal cycle through temperatures that are found for test case 4. Indicating
that for test case 5, the martensitic transformation is further proceeded during the successive thermal cycles.

435.1.4 Cooling rate

The effect of the cooling rates on the resulting microstructure is determined considering the average values of the
cooling rates of the corresponding cooling stages. Indicating that the formation of lath bainite and acicular ferrite
is expected to occur during the cooling stages of the first thermal cycle. While an increased amount of granular
bainite is expected to be formed during the cooling stages of the subsequent thermal cycles. With regard to the
martensite transformation. The average cooling rates corresponding to the test cases 1 to 5 allow for the martensite
formation to occur when that the thermal cycle through temperatures attain values below the martensitic start
temperature.

4.3.5.2 Microstructural morphology

The microstructure of the deposited material is described in terms of the microstructural morphology and the
microstructural constituents that result from the application of the cooling methods as defined in the test cases 1
to 5.

4.3.5.2.1 Average grain size

As a general trend, it is observed that the average grain size is reduced as a result of the periodic thermal cycling of
the temperature values. Expressed by a reduced average grain size of the microstructure regarding the material
constituting the middle segment and bottom segment of the experimental fifteen-layer weld deposit.

e The most pronounced reduction of the average grain size is observed for the test cases 2 and 4 regarding the
material constituting the middle segment and bottom segment of the experimental fifteen-layer weld deposit.
While for both the test cases 1 and 3, the effect is less evident, and an almost uniform grain size is observed
regarding the microstructure of the material constituting the experimental fifteen-layer weld deposit. A clear
exception to the general trend is observed for test case 5, for which the smallest average grain size is observed
regarding the material constituting the top segment of the experimental fifteen-layer weld deposit.

e A uniform coarse-grained microstructural morphology is observed for the test cases 1 and 3 regarding the
material constituting the experimental fifteen-layer weld deposit. While for the test cases 2 and 5, two distinct
microstructural morphologies are observed regarding the top segment and the bottom segment. For test case
4 a small difference is observed regarding the microstructural morphology of the material constituting the
experimental fifteen-layer weld deposit.
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4.3.5.2.2 Layer band morphology

With regard to the material constituting both the middle segment and the bottom segment of the experimental
fifteen-layer weld deposit. A layer band morphology of alternating regions of fine-grained and coarse-grained
microstructures is formed due to the movement of the welding heat source in the building direction.

e The most pronounced layer band morphology is observed for test case 5. Whereby, the mutual distance
between the layer band regions of the respective layers corresponds to a single layer thickness. This observation
is in agreement with the thermal cycle peak temperatures that are observed for test case 5.

4.3.5.2.3 Distribution of alloying elements

The distribution of alloying elements throughout the material is influenced by the locally attained temperature
gradient that is directly related to the weld pool characteristics or the deposition process. Meanwhile, the
homogeneous distribution of alloying elements throughout the material is promoted by a sufficiently high
component mean temperature.

e Anincreased concentration of alloying elements is observed at the fusion boundaries of the individual weld
layers constituting the experimental fifteen-layer weld deposit, resulting from the constitutional supercooling
during the solidification process. Further, the segregation of alloying elements is observed in the building
direction along the direction of the maximum temperature gradient.

e The most pronounced effect of the local redistribution of alloying elements is observed regarding the coarse-
grained microstructure regions, corresponding to the middle segment and the coarse-grained layer band
regions of the test cases 2 and 5 respectively resulting in the formation of carbon rich and carbon depleted
regions.

4.3.5.3 Hardness values

The hardness values are related to the average grain size and the distribution of the alloying elements throughout
the material.

e The lowest hardness values are observed for the test cases 1 and 3 regarding the material constituting the
experimental fifteen-layer weld deposit. While the highest hardness values are found for the material
constituting the bottom segment corresponding to test case 2, and the material constituting the experimental
fifteen-layer weld deposit corresponding to the test cases 4 and 5 respectively.

e A uniform hardness profile is observed for the test cases 1 and 3 regarding the material constituting the
experimental fifteen-layer weld deposit. While for the test cases 2 and 5, two distinct hardness profiles are
observed regarding the top segment and the bottom segment. For test case 4 a small difference is observed
concerning the hardness profiles of the material constituting the bottom segment and the top segment of the
experimental fifteen-layer weld deposit.

The hardness values are in agreement with the microstructural morphologies that are observed for the test cases 1
to 5:

e The low average hardness values that are observed for the test cases 1 and 3 correspond to the coarse-grained
ferritic microstructure regarding the material constituting the experimental fifteen-layer weld deposit. Both the
large average grain size and the localized presence of carbon precipitates are in agreement with the low average
hardness values that are observed for the test cases 1 and 3.

e The high average hardness are correlated to the presence of martensitic microstructural constituents and the
fine-grained microstructures values that are observed for the test cases 2, 4, and 5, regarding the material
constituting the bottom segment of the experimental fifteen-layer weld deposit corresponding to test case 2,
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the experimental fifteen-layer weld deposit corresponding to 4, and both the top segment and the fine-grained
layer band regions corresponding to test case 5.

The tempering heat treatment of the bainite and martensite microstructural constituents result both in the
redistribution of microstructural constituents and the coarsening of the microstructure regarding the material
constituting the middle segment and the bottom segment of the experimental fifteen-layer weld deposit. Both
the coarsening of the microstructure and the redistribution of microstructural constituents results in the
reduction of the hardness value.
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5.1 F.E. model validation

In the F.E. model, assumptions have been used to simplify the calculations and to reduce the computation time.
With regard to the material modelling, the latent heat effects of the phase transformations are not considered.
Concerning the quiet element method that is used to model the material deposition, it is assumed that the
coefficient of thermal conductivity is reduced by a scaling factor regarding the quiet elements that are not under
the influence of the welding heat source. The effects of the assumptions that are used regarding the latent heat of
transformation and the coefficient of thermal conductivity are validated. Further, the volume of the single-pass
weld layers in the F.E. model is validated to the actual volume of the electrode material that is deposited in the
experiments.

The measurement accuracy of the F.E. model is validated based on the smallest calibration error regarding the
temperature values that are calculated at the temperature measurement points in the F.E. model and the
corresponding temperature values that are recorded by the physically attached thermocouples in the experiments.
With regard to the thermal cycle peak temperatures, the value of the arc efficiency that is used in the F.E. model is
validated based on the deposition of a single-pass weld layer. Regarding the thermal cycle through temperatures,
the thermal boundary conditions that are defined for the five test cases in the F.E. model are validated based on
the deposition of the multilayer weld deposit.

5.1.1 F.E. material model

In the F.E. model, the latent heat effects of the phase transformations are not considered. Regarding the quiet
element method that is used to model the material deposition, the coefficient of thermal conductivity is reduced
by a scaling factor regarding the quiet elements that are not under the influence of the welding heat source.

The temperature values that result from considering a temperature dependent specific heat and the application of
the quiet element method in the F.E. model, are shown in Figure 48.a. and Figure 48.b. respectively.
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Figure 48: Temperature measurement values of a single-pass layer on the component base wall. Arc efficiency n = 0.44.
[a] Quiet 2nd layer; [b] Temperature dependent heat capacity C,[T].
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The thermal cycle peak temperatures and thermal cycle through temperatures that result from considering a
temperature dependent specific heat and the application of the quiet element method in the F.E. model, are shown
in Table 19 and Table 20 respectively.

Table 19: Thermal cycle peak temperatures of a single-pass weld layer on the component base wall. Calculated F.E. model
temperature values considering a Quiet 2nd layer and a temperature dependent heat capacity C,[T].

Tc-B4 TeB3 Te-B2 Te-B1 Tc-C1
Experiment 263.0 368.2 492.8 1224 -
F.EM. n=0.44 256.5 367.0 529.0 1340 1700
F.E.M. n = 0.44 Quiet 2nd layer 259.6 369.7 530.2 1330 1705
FEM. n=0.44 Cp[T] 322.1 450.4 614.4 1312 1658

Table 20: Thermal cycle through temperatures of a single-pass weld layer on the component base wall. Calculated F.E. model
temperature values considering a Quiet 2nd layer and a temperature dependent heat capacity C,[T].

Tc-B4 TcB3 Te-B2 Te-B1 Te-C1
Experiment 220.7 241.3 250.7 282.8 -
F.EM. n=0.44 2259 262.4 280.8 296.1 297.4
F.EM. n = 0.44 Quiet 2nd layer 231.6 272.2 294.7 317.0 320.2
F.EM. n=0.44 Cp[T] 260.8 2983 316.8 3315 332.8

5.1.1.1 Specific heat

The specific heat is associated with the latent heat of the phase transformations. In the F.E model, the latent heat
effects corresponding to the ferrite-austenite phase transformation and the solid-liquid phase transformation are
not considered. The effect of not considering the latent heat of the phase transformations in the F.E. model is
discussed based on the temperature values that result from using a temperature dependent specific heat.

For the electrode material X90, the latent heat of transformation that is associated with the ferrite-austenite phase
transformation between 730 °C and 750 °C, is defined in Equation 23. The latent heat of transformation that is
associated with the solid-liquid phase transformation between 1450 °C and 1500 °C, is defined in Equation 24.

750

kJ

[AH7530-750] x00 = -L3o pC, = 258-10° s (23]
1500 K

[AH 1450-1500] x90 = f1450 pC, =2.03- 10° e [24]

In Equation 23, the values of the density and the specific heat capacity during the ferrite-austenite phase
transformation are equal to 7500 [%] and 1720 [kg;l(] respectively. In Equation 24, the density and the specific

heat capacity values associated with the solid-liquid phase transformation are equal to 7000 [%] and 5790 [kg]-K]

respectively.

The heat that is released or absorbed during the corresponding phase transformations is defined by the latent heat
of transformation divided by the volume specific heat capacity [51]. The volume specific heat capacity is defined as
the average value over the whole temperature range, based on the average values of the density and the specific
heat capacity [50]. The volume specific heat capacity of the electrode material X90 is defined in Equation 25.

[pCp],. = 5.15-10° M (25]

x90 m3-K
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In Equation 25, the average values of the density and the specific heat capacity over the whole temperature range

are equal to 7360 [%] and 700 [kg]—K] respectively, according to Figure 27.

Accordingly, it is found that for the electrode material X90, the latent heat that is released or absorbed during the
ferrite-austenite phase transformation is equal to 50.1 °C. While, the latent heat corresponding to the solid-liquid
phase transformation is associated with a temperature change of 393.3 °C.

With regard to the thermal cycle peak temperatures that are calculated at the temperature measurement points
Tc-C1 and Tc-B1 in the F.E. model. It is found that when considering a temperature dependent specific heat, the
calculated temperature values are lower compared to the temperature values considering a constant specific heat.
While, the temperature values that are calculated at the temperature measurement points Tc-B2, Tc-B3 and
Tc-B4 considering a temperature dependent specific heat are higher, compared to the corresponding temperature

values assuming a constant specific heat.

The decrease in temperature values that is observed concerning the thermal cycle peak temperatures that are
calculated at the temperature measurement points Tc-C1 and Tc-B1 in the F.E. model considering a temperature
dependent specific heat is attributed to the fact that during the temperature rise the latent heat is absorbed,
causing lower temperature values. According to Table 11, the thermal cycle peak temperatures corresponding to
the measurement points Tc-C1 and Tc-B1 considering a temperature dependent specific heat are reduced by 42 °C
and 28 °C respectively, compared to the values considering a constant specific heat. Indicating that the decrease
of the corresponding temperature values is relatively small compared to the latent heat of the solid-liquid phase
transformation. This observation is explained by the fact that only a small material volume is subjected to
temperatures exceeding the melting temperature.

With regard to the temperature values that are calculated at the temperature measurement points Tc-B2, Tc-B3
and Tc-B4 in the F.E. model. The increase of the temperature values that result from using a temperature
dependent specific heat is attributed to the fact that upon cooing the latent heat is released, resulting in higher
temperature values. According to Table 19, the thermal cycle peak temperatures corresponding to the temperature
measurement points Tc-B2, Tc-B3 and Tc-B4 in the F.E. model using a temperature dependent specific heat are
increased by 65.6 °C, 83.4 °C and 85.4 °C respectively, compared to the temperature values considering a constant
specific heat. Correspondingly, this also applies to the thermal cycle through temperatures that are calculated at
the temperature measurement points Tc-C1 and Tc-B1 in the F.E. model. According to Table 20, the thermal cycle
through temperatures that are calculated at the temperature measurement points Tc-C1 and Tc-B1 to Tc-B4 in
the F.E. model considering a temperature dependent specific heat are on average increased by 36 °C, compared to
the temperature values considering a constant specific heat.
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5.1.1.2 Coefficient of thermal conductivity

The coefficient of thermal conductivity is associated with the activation method that is used to model the material
deposition in the wire and arc additive manufacturing process. In the quiet element method, the deposition of the
individual weld layers is modeled by the sequential activation of the successive material elements. According to
Equation 19, the coefficient of thermal conductivity is defined by the material property concerning the material
elements that are under the influence of the welding heat source. While for the quiet elements that are not under
the influence of the welding heat source, the coefficient of thermal conductivity is reduced by using a scaling factor.

5.1.1.2.1  Scaling factor

With regard to the scaling factor that is used in the quiet element method, the following is considered [54]:
= For not small enough scaling factors: the thermal energy is conducted towards the quiet elements, inducing
scaling errors;
=  For too small scaling factors: non-convergence issues occur during the F.E. simulation, due to ill-conditioned
solutions.
The thermal cycle peak temperatures and thermal cycle through temperatures that result from the application of
the quiet element method using a scaling factor equal to 0.01 and 0.0001, are shown in Table 21 and Table 22
respectively.

Table 21: Thermal cycle peak temperatures of a single-pass weld layer on the component base wall. Quiet 2nd layer.

Tc-B4 TeB3 Te-B 2 Te-B1 Te-C1
Experiment 263 368.2 492.8 1224 -
F.E.M. [n = 0.44] s, = 0.01 256.5 367.0 529.0 1340 1700
F.E.M. [n = 0.44] s, = 0.0001 256.1 366.2 527.7 1360 1594

Table 22: Thermal cycle through temperatures of a single-pass weld layer on the component base wall. Quiet 2nd layer.

Tc-B 4 Tc-B3 Tc-B2 Tc-B1 Te-C1
Experiment 220.7 241.3 250.7 382.8 -
F.EM. [n = 0.44] s, = 0.01 2259 2624 280.8 296.1 297.4
F.E.M. [n = 0.44] s, = 0.0001 225.6 262.1 280.5 295.7 2971

According to Figure 48.b, the scaling factor 0.01 leads to reasonable temperature values. While the scaling factor
0.0001 introduces scaling errors in the temperature values close to the weld pool due to the thermal energy that
is conducted towards the quiet elements. Accordingly, the scaling factor that is used in the F.E. model is equal to
0.01. This value is in agreement with literature [54].

The most significant effect that is observed as a result of the application of the quiet element method in the F.E.
model is arise in the temperature values that are calculated at the temperature measurement point Tc-C1 at 62.5s
after the passage of the welding heat source, as shown in Figure 48.b. The temperature rise is caused by artificially
heating effects, resulting from the addition of the quiet 2nd layer [65], [54]. The application of the quiet element
method has a minimal effect on the thermal cycle peak temperatures, compared to the temperature values that
are obtained by the F.E. model considering the deposition of a single layer, as shown in Table 21. With regard to
the thermal cycle through temperatures, it is found that the thermal cycle through temperatures that result from
the application of the quiet element method are slightly higher compared to the values that are obtained by the
F.E. model without the application of a quiet 2nd layer. According to Table 22, the thermal cycle through
temperatures that are calculated at the temperature measurement points Tc-C1 and Tc-B1 in the F.E. model by
the application of the quiet element method are increased by 22.8 °C, 20.9 °C respectively, compared to the values
that are obtained by the F.E. model considering the deposition of a single layer.
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5.1.1.3 F.E. material elements

The single-pass weld layers of the simulated ten-layer weld deposit are modelled by rectangular material elements
in the F.E. model, as defined in Table 3. Hence, the volume of the rectangular material elements in the F.E. model,

is defined in Equation 26.

Viayer, F.E. model = Lwiatn * Lueight * Liengtn = 1,800 mm? [26]

VLayer, Actual = Agtectrode * twetd * WFSgiectroae = 1,739.96 mm?® [27]

Agiectroqe  Surface area of the electrode wire [mm?]
tweia  Welding time of a single layer [s]

WFSgiectroae  Wire feed speed [mm/s]

The actual volume of electrode material that is deposited during a single-pass weld layer in the experiments, is
defined in Equation 27. Indicating that the volume of the single-pass weld layers is modelled in the F.E. model by

an accuracy of 96.5 %,.

5.1.1.4 Mesh elements

In the F.E. model, tetrahedral mesh elements are used throughout the material domains constituting both the
component and the simulated ten-layer weld deposit. A refined mesh size is used for the rectangular material
elements representing the single-pass weld layers to account for the calculation of both the material deposition
and the welding heat source. Also, in the material domains of the component base wall adjacent to the simulated
ten-layer weld deposit and the interface between the component base wall and the substrate a refined mesh size
is applied to account for the steep temperature gradients that are expected in these regions. Regarding the other
material domains, a coarse mesh size is used for efficiency considerations.

The minimum and maximum element sizes are 2 mm and 16 mm respectively. Regarding the refined mesh
elements that are used throughout the rectangular material elements consists of two elements in the y-direction
while covering the layer height. An illustration of the mesh elements that are used throughout the material domains

in the F.E model, is shown in Figure 49.
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Figure 49: Mesh elements throughout the material domains in the F.E model.
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5.1.2 F.E. model measurement accuracy

The measurement accuracy of the F.E. model is validated based on the smallest calibration error regarding the
temperature values that are calculated at the temperature measurement points in the F.E. model and the
corresponding temperature values that are recorded by the physically attached thermocouples in the experiments.

With regard to the thermal cycle peak temperatures, the value of the arc efficiency that is used in the F.E. model is
validated based on the deposition of a single-pass weld layer. Regarding the thermal cycle through temperatures,
the values of the calibration error that result from the application of the thermal boundary conditions as defined in
the F.E. model is evaluated. Further, the effect of the thermal boundary conditions on the heat dissipation from the
component to the environment is evaluated.

5.1.2.1 Thermal cycle peak temperatures

With regard to the thermal cycle peak temperatures that are calculated at the temperature measurement points
in the F.E. model and recorded by the physically attached thermocouples in the experiments. It is found that the
F.E. model temperature values are consistent for all test cases. While for the experimental temperature values a
measurement error is introduced due to the varying position of the physically attached thermocouples in the
experiments.

According to Figure B.1, the thermal cycle peak temperatures that are recorded by the physically attached
thermocouple Tc-B1 in the experiments during the deposition of the first layer of the experimental fifteen-layer
weld deposit, are equal to 1224 °C, 1337 °C, 1294 °C, 1108 °C and 1318 °C for the test cases 1 to 5 respectively.
While, the corresponding thermal cycle peak temperatures that are calculated at the temperature measurement
point Tc-B1 in the F.E. model during the deposition of the first layer of the simulated ten-layer weld deposit in the
F.E. model, are equal to 1263 °C, 1263 °C, 1262 °C, 1260 °C and 1242 °C for the test cases 1 to 5 respectively.
The consistency of the thermal cycle peak temperatures that are calculated in the F.E. model is explained by the
fact that the positions of the temperature measurement points in the F.E. model are precisely defined and identical
for all test cases, as indicated in Figure 28. The discrepancy with regard to the experimental temperature values is
due to the varying position of the physically attached thermocouples in the experiments, inherent to the
attachment method. As an illustration, the thermal cycle peak temperatures that are calculated during the
deposition of the first layer of the simulated ten-layer weld deposit by the temperature measurement points in the
F.E. model positioned at 29 mm, 28 mm and 27 mm, are equal to 1263 °C, 1196 °C and 945 °C respectively.
Indicating that a deviancy of 1 mm from the position of the temperature measurement point can induce a
measurement error up to 241 °C.

5.1.2.1.1  Arc efficiency

The actual arc power that is that is transferred by the welding heat source to both the deposited material and the
component is described by the effective heat input, as defined in Equation 17. The heat dissipation due to radiation
and convection heat losses at the welding arc is accounted for by the arc efficiency.

As described in Section 3.6.1, the arc efficiency is calibrated by fitting the thermal cycle peak temperatures that are
calculated at the temperature measurement points the F.E. model and the corresponding temperature values that
are recorded by the physically attached thermocouples in the experiments during the deposition of a single weld-
pass layer on the component base wall. Considering the average instantaneous arc power, it is found that the
thermal cycle peak temperatures that are calculated in the F.E. model are in good agreement with the experimental
results when assuming an arc efficiency n = 0.44. However, the arc efficiency is equal ton = 0.59 and n = 0.69
considering the values of the calculated average arc power and the experimental average arc power respectively.
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Regarding the arc efficiency that is calculated in the F.E. model considering the average instantaneous arc power,
the thermal cycle peak temperatures match the experimental results when assuming an arc efficiency n = 0.58.
Correspondingly, the values of the arc efficiency are equal to n = 0.91 and n = 0.78 considering the values of the
calculated average arc power and the experimental average arc power respectively. The temperature values that
are obtained during the deposition of a single-pass weld layer on the substrate, are shown in Figure 50.
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Figure 50: Temperature measurement values of a single-pass layer on the substrate; arc efficiency n=0.58.

According to literature, the arc efficiency that is calculated based on the values of the experimental average arc
power during the deposition of a single weld-pass layer on the substrate is equal to n = 0.85, considering the
process parameters that are used in the experiments [66]. Hence, it is found that the values of the arc efficiency
that are calculated based on the values of the calculated average arc power and the experimental average arc
power are of the same order as the arc efficiency that is reported in literature considering the deposition of a single
weld-pass layer on the substrate.

With regard to the reduced values of the arc efficiency that are observed during the deposition of the single-pass
weld layers on the component base wall compared to the values regarding the deposition of a single-pass weld
layer on the substrate. According to Equation 17, the heat dissipation due to radiation and convection heat losses
at the welding arc is accounted for by the arc efficiency. Hence, the reduced heat dissipation at the component
base wall is accounted for by a reduced value of the arc efficiency regarding the deposition of a single weld-pass
layer on the component base wall compared to the deposition of a single-pass weld layer on the substrate.

Concerning the lower values of the arc efficiency that are observed considering the average instantaneous arc
power. The discrepancy between the values of the arc efficiency that are calculated considering the average
instantaneous arc power and both the values considering the calculated average arc power and the experimental
average arc power respectively is induced by an overestimation of the instantaneous current measurement values,
as provided in Appendix A.4. According to Figure 20, the pulse current is expected in the range of 300 A. While, the
pulse current that is observed based on the instantaneous current measurement values is in the range of 500 A.
This effect is also expressed by the overestimation of the average current values that are calculated based on the
instantaneous current measurement values compared to the experimental current values that are recorded by the
power supply, as shown in Table 5.
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5.1.2.2 Thermal cycle through temperatures

In the F.E. model it is assumed that with regard to the substrate and the component base wall, the heat dissipation
from the component to the environment is accommodated by convection. While, the heat dissipation from the
simulated ten-layer weld deposit to the environment is accommodated by radiation. The thermal boundary
conditions that are defined in the F.E. model for the test cases 1 to 5, are shown Table 8.

The values of the calibration error that result from the application of the thermal boundary conditions as defined
in the F.E. model for the five test cases, are shown in Figure 51. In Table 23, the values of the calibration error are
provided that result from the application of the thermal boundary conditions as defined in the F.E. model for the

test cases 1to 5.
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Figure 51: The values of the calibration error regarding the thermal cycle through temperatures that are recorded by the
temperature measurement point Tc-B1 during the deposition of the ten-layer weld deposit for the test cases 1 to 5; indicated
for the thermal cycles 1 to 9.

Table 23: The values of the calibration error regarding the thermal cycle through temperatures that are recorded by the
temperature measurement point Tc-B1 for the test cases 1 to 5.

Thermal cycle

1 2 3 4 5 6 7 8 9
Test case 1 +20% +82% +11% +02% +22% +09% +39% +2.7% —32%
Test case 2 +13.0% +3.0% +03% +23% +28% -11% 0.0 % —35% —15%
Test case 3 —46% +153% +70% +93% —-19% —-18% —-1.0% —-24% —24%
Test case 4 +25% +68% +08% +3.0% —-37% —-26% —24% —-21% —34%
Test case 5 +17% +62% +57% +57% +36% +32% +01% +08% —-27%

According to Table 23, it is found that by the application of the appropriate thermal boundary conditions as defined
in the F.E. model for the test cases 1 to 5, for all test cases the calibration error of the thermal cycle through
temperatures corresponding to the temperature measurement point Tc-B1 are within the +/- 5.0 % error range,

excluding the start and end-effects.
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As shown in Figure 51, during the deposition of the layers 1 to 4, the experimental temperature values are
overestimated by the F.E. temperature values, indicated by a positive calibration error. While, during the deposition
of the layers 5 to 9, the experimental temperature values are underestimated by the F.E. temperature values,
indicated by a negative calibration error. This observation is attributed to the contribution of the heat dissipation
by radiative heat transfer at the outside surface areas of the simulated ten-layer weld deposit. During the deposition
of the layers 1 to 4, the heat dissipation by radiative heat transfer at the outside surface areas of the deposited
layers is underrated by the applied boundary conditions in the F.E. model. While, during the deposition of the
layers 6 to 10, the heat dissipation by radiative heat transfer at the outside surface areas of the deposited layers is
overrated by the applied boundary conditions in the F.E. model.

In addition to the effect of the heat dissipation that is accommodated by radiative heat transfer at the outside
surface areas of the simulated weld deposit. The contribution of the heat dissipation by convective heat transfer at
the outside surface areas of the component base wall to the environment is discussed. The values of the calibration
error that result from the application of the radiative boundary condition BC I regarding the thermal cycle through
temperatures that are recorded by the temperature measurement points Tc-B1 to Tc-B4 for the test cases 1 to 5,
are provided in Appendix F.1.

When comparing the values of the calibration error that are found for the test cases 1 to 5. It is observed that for
test case 1, the values of the calibration error follow the general trend corresponding to the heat dissipation that is
dominated by radiative heat transfer at the outside surface areas of the simulated weld deposit. For test case 2,
the values of the calibration error regarding the temperature values that are recorded by the temperature
measurement points Tc-B2 to Tc-B4 diverge from the fifth thermal cycle onward. The experimental temperature
values that are recorded by the temperature measurement point Tc-B4 are overestimated by the F.E. model
temperature values. While, the experimental temperature values that are recorded by the temperature
measurement point Tc-B1 are underestimated by the F.E. model temperature values. With regard to the
temperature values that are recorded by the temperature measurement points Tc-B2 and Tc-B3, intermediate
values of the calibration error are found. The positive calibration error that is observed regarding the temperature
values that are recorded by the temperature measurement point Tc-B4 during the thermal cycles 5 to 9, is
attributed to the underrated heat dissipation at the outside surface areas of the component base wall. Indicating
that from the fifth thermal cycle onward, the heat dissipation by convective heat transfer at the outside surface
areas of the component base wall is underrated by the applied boundary conditions.

For the test cases 3 and 4, the largest values of the calibration error regarding the thermal cycle through
temperatures that are recorded by the temperature measurement points Tc-B1 are observed regarding the
thermal cycles 2 to 4. Further it is observed that the values of the calibration error regarding the thermal cycle
through temperatures of the thermal cycles 2 to 4 corresponding to test case 4 are lower compared to the values
that are found for test case 3. According to Table 23, for test case 3, the values of the calibration error regarding
the thermal cycle through temperatures of the thermal cycles 2, 3 and 4 are equal to +15,3 %, +7,0 %, and +9,3 %
respectively. While, the corresponding values of the calibration error for test case 4 are equal to +6,8 %, +0,8 %,
and +3,0 % respectively. The discrepancy that is observed for the test cases 3 and 4, with regard to the values of
the calibration error regarding the thermal cycle through values of the thermal cycles 2 to 4 is explained by the
mode of heat transfer from the component to the environment. For both test cases 3 and 4, the heat dissipation
from the component to the environment is dominated by the convective heat transfer at the outside surface area
D of the component base wall. As shown in Table 8, the outside surface area D is located at 15 mm from the fifteen-
layer weld deposit. To support the convective heat transfer at the outside surface area D, the heat that isintroduced
by the welding heat source must be dissipated throughout the component by conductive heat transfer. Since the
cooing stage of test case 4 is increased by 20 s with respect to test case 3, the heat that is introduced by the welding
heat source is dissipated more effectively throughout the component during the cooling stage of test case 4 to
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support the convective heat transfer at the outside surface area D. Indicated by the lower values of the calibration
error corresponding to test case 4 compared to the values that are found for test case 3, regarding the thermal
cycle through temperatures of the thermal cycles 2 to 4. With regard to the thermal cycles 5 to 9, the values of the
calibration error corresponding to both test the cases 3 and 4 are of the same order. As shown in Figure 34, for both
the test cases 3 and 4, the equilibrium component mean temperature is reached from the fifth thermal cycle
onward. Indicating that the heat dissipation by convective heat transfer at the outside surface area D becomes
effective when the equilibrium component mean temperature is reached.

With regard to test case 5, it is observed that the application of the radiative boundary condition BC I is sufficient
to keep the calibration error within the +/- 5.0 % error range. This is explained by the contribution of the heat
dissipation by convective heat transfer at the outside surface area F of the component base wall compared to the
radiative heat transfer at the outside surface areas of the weld deposit.

5.1.2.2.1  Thermal boundary conditions

The effect of the thermal boundary conditions on the heat dissipation from the component to the environment is
evaluated for the test cases 1 and 5.

According to the Fourier’s law of heat conduction, the temperature gradients in the x- and z-direction are associated
with the heat dissipation throughout the component accommodated by conduction, as defined in Equation 12.
While, the temperature gradient in the y-direction is associated with the heat dissipation from the component to
the environment accommodated by both convection and radiation from the outside surface areas of the
component, as defined in Equation 13 and Equation 14. The values of the convective and radiative heat fluxes per
unit outside surface area as a function of the surface temperature, are shown in Figure 52.
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Figure 52: Component mean temperature; based on the thermal cycle through temperatures calculated at the temperature
measurement points Tc-B1, Tc-B2, Tc-B3 and Tc-B4 in the F.E. model.

The values of the convective and radiative heat transfer at the outside surface areas of the component, are defined
by the product of the corresponding heat flux values and the relevant outside surface areas of the component. The
heat dissipation throughout the component is accommodated by conduction, expressed by the conductive heat
transfer. The conductive heat transfer is defined by the product of the conductive heat flux value and the relevant
cross-sectional area.
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The temperature gradients in the y- and z-direction that are observed during the deposition of the first and tenth
layer of the simulated weld deposit for the test cases 1 and 5, are provided in Appendix D.

The relevant outside surface areas regarding the component base wall and the layers of the simulated weld deposit
are expressed in Equation 28.

ALayer, outside surface =  Hiayer * Liayer = 225 mm? [28.3]
Apayer, Top surface =  Wiayer " Liayer = 600 mm? [28.b]
Apomain p, outside surface =  Hpomainp ™ Liayer ~ = 2250 mm? [28.c]
Apomain E, outside surface =  Hpomaing " Liayer = 750 mm? [28.d]
Apomain F, outside surface =  Hpomain* Liayer = 1500 mm? [28.€]

The dominant modes of heat transfer during the deposition of the first and tenth layer of the simulated ten-layer
weld deposit is evaluated for the test cases 1 and 5.

For test case 1, it is observed that during the deposition of both the first and tenth layer of the simulated ten-layer
weld deposit, the heat dissipation from the component to the environment is dominated by the radiative heat
transfer at the outside surface areas of the simulated weld deposit. During the deposition of the first layer, the
maximum temperature gradient in the y-direction is observed at the outside surface area of the first layer of the
ten-layer weld deposit. As indicated in Appendix D.1, the temperature of the outside surface area of the first layer

is equal to 900 °C at 4s after the passage of the welding heat source during the deposition of the first layer.
w

mm?2

According to Figure 52, the radiative heat flux is equal to 0.1 [ ] for surface temperatures of 900 °C and an

emissivity of 0.95. Indicating that for test case 1, the heat dissipation by radiative heat transfer at the outside
surface area of the first layer evaluated at 4s after the passage of the welding heat source during the deposition of
the first layer is equal to 22.5 W, as expressed in Equation 29.

Qrad, Outside surface Layer — Qrad * ALayer, Outside surface — 225 W [29]

Similarly, the heat dissipation by radiative heat transfer at the top surface area of the first layer, at 4s after the
passage of the welding heat source during the deposition of the first layer, is equal to 61.6 W. Indicating that for
test case 1, the total heat dissipation by radiative heat transfer at 4s after the passage of the welding heat source
during the deposition of the first layer is equal to 84.1 W.

For test case 5, it is found that during the deposition of the first layer, the heat dissipation from the component to
the environment is dominated by the convective heat transfer at the outside surface area F of the component base
wall. While during the deposition of the tenth layer of the simulated weld deposit. It is observed that the heat
dissipation from the component to the environment is accommodated by both the radiative heat transfer at the
outside surface areas of the simulated ten-layer weld deposit and convective heat transfer at the outside surface
area F of the component base wall. During the deposition of the first layer, the maximum temperature gradient in
the y-direction is observed at the outside surface area F. As indicated in Appendix D.2, at 4s after the passage of
the welding heat source during the deposition of the first layer, the temperature of the outside surface of the area

F is equal to 650 °C. The convective heat flux is equal to 0.5 [%], considering a surface temperature of 650 °C

and a convective heat transfer coefficient of 800 [%], according to Figure 52. Indicating that for test case 5, at

4s after the passage of the welding heat source during the deposition of the first layer, the heat dissipation by
convective heat transfer at the outside surface area F is equal to 750 W, as expressed in Equation 30.

Qconv, DomainF = Geonv * Apomain F = 750 W [30]
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Similarly, during the deposition of the tenth layer, the values of the radiative heat transfer at the outside surface
areas of the simulated ten-layer weld deposit and the convective heat transfer at the outside surface area F of the
component base wall are equal to 170 W and 350 W respectively, at 1 s after the passage of the welding heat
source during the deposition of the tenth layer. The corresponding values at 20 s after the passage of the welding
heat source during the deposition of the tenth layer, are equal to 30 W and 300 W respectively. Indicating that
during the deposition of the tenth layer, the contribution of the heat dissipation accommodated by convective heat
transfer at the outside surface area F of the component base wall is increased from a factor 2 to a factor 10
compared to the radiative heat transfer at the outside surface areas of the simulated ten-layer weld deposit.

While for test case 1, the corresponding values of the radiative heat transfer at the outside surface areas of the
simulated ten-layer weld deposit and the convective heat transfer at the outside surface area F of the component
base wall during the deposition of the tenth layer are equal to 470 W and 3 W respectively, at 1 s after the passage
of the welding heat source. The corresponding values at 20 s after the passage of the welding heat source during
the deposition of the tenth layer, are equal to 80 W and 3 W respectively.

The temperature gradient in the y-direction, calculated during the deposition of the tenth layer for the test cases 1
and 5, is shown in Figure 53 and Figure 54 respectively.

Test case 1 degC/mm Test case 1 degC/mm Test case 1 degC/mm
A7.19 Ac73 Aco
7
6
6
5
5
4
4
3 3
2 2 2
! 1 | 1 I 1
0 0 0
v-014 V.01 v-o1
[a] [b] [c]

Figure 53: Temperature gradient in the Y-direction calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure 54: Temperature gradient in the Y-direction calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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6 Conclusions and recommendations
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6.1 Conclusions

In this research, a F.E. model is presented to provide a thermal analysis of the wire and arc additive manufacturing
process. An important quality of the F.E. model that is presented in this research is to describe the temperature
field that is experienced by the deposited material in the wire and arc additive manufacturing process. In contrast
to the traditional method of monitoring the substrate temperature, the F.E. model allows to describe the
temperature field that is experienced by the deposited material constituting both the multilayer weld deposit and
the component.

Two cooling methods are proposed to control the heat dissipation from the component to the environment based
on the application of an interlayer waiting time and immersing the component into a cooling medium. The effect of
the cooling methods on the temperature field and the resulting microstructure of the deposited material is
evaluated by reviewing variations of the cooling methods considering five test cases, whereby a multilayer weld
deposit is deposited on top of a component base wall. The test case are defined as: natural cooling; interlayer
waiting time of 40s (1), natural cooling; interlayer waiting time of 80s (2), active substrate cooling; interlayer waiting
time of 20s (3), active substrate cooling; interlayer waiting time of 40s (4), active component cooling; interlayer
waiting time of 40s (5).

The results show a significant effect of the cooling methods on the temperature field that is experienced by the
material constituting both the component and the multilayer weld deposit. Indicating that the cooling methods
that are proposed in this research are effective to control the temperature field that is experienced by the
component during the deposition process of the wire and arc additive manufacturing process.

6.1.1 F.E. model

The F.E. model allows to describe the effect of the cooling methods on the microstructure of the deposited material
in terms of the thermal characteristics including the temperature distribution, the locally attained temperature
values, the cooling rates, and the temperature gradients throughout the component.

As a general trend, the component mean temperatures corresponding to the five test cases increase during the
deposition process of the multilayer weld deposit due to the heat accumulation in the component. Additionally,
the thermal cycle peak temperatures of the subsequent thermal cycles decrease, as the distance between the
welding heat source and the temperature measurement point increases during the deposition process proceeds.

For a detailed description of the results, reference is made to Section 4.2.7 and Section 4.3.5. The most important
conclusions are summarized:

e The equilibrium component mean temperatures that are calculated in the F.E. model for the test cases 1 to 5
are about 487.2 °C, 386.4 °C, 355.0°C, 282.3°C, 122.4 °C respectively. Indicating that the equilibrium
component mean temperatures corresponding to the test cases 2 to 5 are reduced by 21.6 %, 23.6 %, 41.2 %
and 74.9 % respectively, compared to the reference test case 1.

o The thermal cycle peak temperatures that are calculated in the F.E. model attain the highest values for test
case 1 followed by the test cases 3, 2, 4 and 5 respectively.

e The thermal cycle through temperatures that are calculated in the F.E. model for the test cases 1 to 4 attain
equilibrium temperature values in the order of 521.9°C, 399.8°C, 522.5°C and 375.0 °C respectively,
the thermal cycle through temperatures corresponding to test case 5 are in the range of 186.9 °C to 234.8 °C.

e The average cooling rates that are calculated in the F.E. model during the successive cooling stages attain values

in the order of -30.5 °C / for the test cases 1 to 4, and -35.5 “C /; for test case 5 respectively.
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The values of the temperature gradient in the z-direction corresponding to the five test cases are significant higher
compared to the corresponding values in the y- and z-direction. Indicating that the dominant mode of heat
dissipation is accommodated by conduction throughout the component in the building direction.

e The temperature gradient in the z-direction that is calculated in the F.E. model for test case 1 is reduced during
the deposition of the multilayer weld deposit. While, the maximum temperature gradient in the y-direction is
increased as the deposition process proceeds.

e The temperature gradient in the z-direction that is calculated in the F.E. model for test case 5 is maintained
during the deposition process of the multilayer weld deposit.

Indicating that in the case of natural component cooling, the heat dissipation that is accommodated by conduction
throughout the component in the building direction is deteriorated during the deposition process of the multilayer
weld deposit due to the increased heat accumulation in the case of natural component cooling. While, in the case
of active component cooling, the heat dissipation that is accommodated by conduction throughout the component
in the building direction remains effective during the deposition process of the multilayer weld deposit.

6.1.2 Microstructure

The most favourable microstructure is obtained by the application of active substrate cooling in combination with
a reduced interlayer waiting time. According to the experimental results, a uniform microstructural morphology
composed of bainite and acicular ferrite microstructural constituents is observed. Attributed to the reduced
component mean temperature that prohibits the substitutional diffusion of alloying elements, recrystallization, and
grain growth. The chaotic arrangement of the ferrite plates provides superior mechanical properties, in particular
toughness. Further, productivity of the wire and arc additive manufacturing process is increased due to the reduced
interlayer waiting time compared to the reference process.

The natural cooling in combination with the reference interlayer waiting time as defined in test case 1 results in a
predominantly ferritic microstructure regarding the material constituting the multilayer weld deposit. Although a
uniform microstructural morphology is observed, the formation of a coarse-grained microstructure is considered
detrimental for the mechanical properties in terms of a lower strength, and a reduced corrosion resistance at
normal operating temperatures.

With regard to the cooling methods as defined in the test cases 2, 4 and 5, considering natural cooling in
combination with an increased interlayer waiting time and both active substrate cooling and active component
cooling in combination with the reference interlayer waiting time result in the reduction of the temperature values
respectively. The reduced thermal cycle through temperatures result in the formation of martensite constituents
throughout the material constituting the multilayer weld deposit. The presence of martensite constituents is
considered unfavourable, because of the internal stresses that result of the high densities of dislocations
accommodating the a-thermal transformation from austenite. The stress induced deformations result in a poor
dimensional accuracy, a poor surface finish and the loss of the structural integrity of the component. Further, the
cooling methods defined in the test cases 2, 4 and 5 result in the formation of an anisotropic microstructural
morphology regarding the material constituting both the middle segment and the bottom segment of the multilayer
weld deposit. According to the experimental results, a layer band morphology of alternating regions of fine-grained
and coarse-grained microstructures is formed due to the movement of the welding heat source in the building
direction. The most pronounced layer band morphology is observed for test case 5 considering active component
cooling in combination with the reference interlayer waiting time.
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6.2 Recommendations

The recommendations focus on the topics that are investigated in this research. Aside from the many challenges
and opportunities that need to be investigated to further improve the wire and arc additive manufacturing process.

6.2.1 F.E. Model

The F.E. model that is presented in this research can be customized to study modifications of the wire and arc
additive manufacturing process including deposition patterns, component geometries and cooling strategies.
In addition, the thermal analysis of the wire and arc additive manufacturing based on the F.E. method can be
extended to describe the effect of the locally attained temperature field on the microstructure development and
mechanical properties in a quantitative manner, as proposed in literature [67], [68].

A thermo-mechanical analysis of the wire and arc additive manufacturing process can be incorporated in the
F.E. model by considering the mechanical properties of the deposited material [69], [70]. As indicated, the
components that are produced by the wire and arc additive manufacturing process are prone to high residual
stresses and distortions due to the high heat input and the high deposition rates that are associated with the arc
welding heat source. Considering the mechanical properties of the deposited material allows to mitigate the
thermal induced residual stresses and distortions that result from the deposition process [71], [72].

6.2.2 Cooling method

In this research, the heat dissipation from the component to the environment is increased by immersing the
component into a cooling medium for practical considerations. However, this cooling method is complicated to be
applied on existing machine tools [73]. Moreover, the effectiviness of this method decreases during the building
process of large components as the distance between the heat source and the cooling medium is increased.

An alternative method to increase the heat dissipation from the component to the environment is the localized
cooling of the deposited material through the application of a thermoelectric, or a cooling gas [17] [74] [75] [76].
An important advantage of this cooling strategy is that it allows to continuously control the heat transfer condition
close to the weld pool throughout deposition process. Accordingly, the localized cooling methods can be effectively
applied to control the weld bead geometry and solidification conditions during the deposition process [77]. Since
the weld bead geometry is a critical parameter in the wire and arc additive manufacturing process, the geometric
accuracy, the material utilization and the productivity can be significantly improved through the application of a
localized cooling strategy [17], [47]. In addition, it has been demonstrated that the localized cooling through the
application of a cooling gas can be effectively applied to control the resulting microstructure of the deposited
material constituting the component in the wire and arc additive manufacturing process [74], [75].

6.2.3 Microstructure

In this research, the optical microscopy and hardness measurements are used as techniques to describe the
microstructure of the deposited material and to evaluate the effectiveness of the F.E. model to describe the effect
of the cooling methods on the microstructure of the deposited material in terms of the thermal characteristics.
Although the optical microscopy is a practical technique to describe the microstructure of the deposited material
in terms of the microstructural morphology and the microstructural constituents. Additional microstructural
analysis is required to quantify both the average grain size and the distribution of the microstructural constituents
throughout the deposited material [78]. Furthermore, additional microstructural analysis allows to describe the
effect of the cooling methods on the mechanical properties of the deposited material that constitutes the
component in the wire and arc additive manufacturing [79].
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Appendix A.1 Experimental setup

INPUT

x_cnts = 1600 '[counts/mm]
y_cnts = 8000
z_cnts = 12500
X_V =6.5 '[mm/s]
y v=6.5

zv=1

x =0 '[mm]

y=0

z=0

length = 150 '[mm]
height = 1.5 '[mm]
n=15 ‘[]

#RUN
i=0

t0 = TIME
#LOOP
MG TIME

: control script CNC machine

WT interlayer waiting time as defined in the test cases 1to 5 ‘[s]

MC

SB2

SHX

PRX = length*x_cnts
SPX = x_v*x_cnts
BGX

MC

CB2

SHZ

PRZ = - height*z_cnts
SPZ =z_v*z_cnts
BGZ

MG TIME

WT interlayer waiting time as defined in the test cases 1to 5 ‘[s]

MC

SB2

SHX

PRX = - length*x_cnts
SPX = x_v*x_cnts
BGX

MC

CB2

SHzZ

PRZ = - height*z_cnts
SPZ =2z _v*z_cnts
BGz

i=i+2

JP #LOOP, i<n

MG "DONE"

END
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Appendix A.2 Experimental setup: Experiments

Experimental setup: Experiments

[b]

Figure A.2: Experimental setup. [a] Material deposition on top of a component base wall; [b] Temperature measurement
by physically attached K-type thermocouples.
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Appendix A.3  Experimental setup: F.E. model

Experimental setup: F.E. model
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Figure A.3: Locations of the temperature measurement points in the F.E. model at the mid-length position x = 75 mm.
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Figure A.4: Experimental current and voltage values, recorded at a sampling rate 20 kHz and bandwidth 50 kHz. [a] Current
measurement values 3 m/min; [b] Voltage measurement values 3 m/min; [c] Current measurement values 4 m/min; [d]
Voltage measurement values 4 m/min; [e] Current measurement values 5 m/min; [f] Voltage measurement values 5 m/min.

112



Appendix B.1 Experimental temperature values
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Figure B.1: Experimental temperature values, recorded at the temperature measurement points Tc-B1 to Tc-B4. [a] Test case 1:
Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3: Active
substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5:
Active component cooling, interlayer waiting time 40s.
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Appendix B.2 F.E. model temperature values
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Figure B.2: F.E. model temperature values, calculated at the temperature measurement points Tc-B1 to Tc-B4. [a] Test case 1:
Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3: Active
substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5:
Active component cooling, interlayer waiting time 40s.
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Appendix B.3 F.E. model temperature values: layer 1
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Figure B.3: F.E. model temperature values, calculated at the temperature measurement Tc-C1; middle point layer 1. [a] Test case
1: Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3: Active
substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5:
Active component cooling, interlayer waiting time 40s.
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Appendix B.4 F.E. model temperature values: layer 5
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Figure B.4: F.E. model temperature values, calculated at the temperature measurement Tc-C5; middle point layer 5. [a] Test case
1: Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3: Active
substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5:
Active component cooling, interlayer waiting time 40s.
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Appendix B.5 F.E. model temperature values: layer 10
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Figure B.5: F.E. model temperature values, calculated at the temperature measurement point Tc-C10; middle point layer 10.
[a] Test case 1: Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s;
[c] Test case 3: Active substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting
time 40s; [e] Test case 5: Active component cooling, interlayer waiting time 40s.
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Appendix C.1 Temperature distribution component
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Figure C.1: Temperature distribution component, calculated during the deposition of the tenth layer of the simulated ten-layer
weld deposit. [a] Test case 1: Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting
time 80s; [c] Test case 3: Active substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer
waiting time 40s; [e] Test case 5: Active component cooling, interlayer waiting time 40s.
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Appendix C.2 Temperature distribution component
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Figure C.2: Temperature distribution component, calculated during the deposition of the tenth layer of the simulated ten-layer
weld deposit. [a] Temperature measurement point Tc-D10; [b] Temperature measurement point Tc-D5; [c] Temperature
measurement point Tc-D1; [d] Temperature measurement point Tc-B4; [e] Temperature measurement point Tc-A3.
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Appendix C.3 Temperature distribution component. Test case 1
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Figure C.3: Temperature distribution of the component, calculated in the F.E. model. [a] During the deposition of the first layer;
[b] During the deposition of the fifth layer; [c] During the deposition of the tenth layer.

Table C.3 [a]: F.E. model temperature values, calculated during the deposition of the first layer; test case 1.

0s 2s 4s 8s 10s 20s 40s
Te-C1 1552,51 1144,51 910,08 694,41 633,34 473,42 342,37
Te-D1 1323,70 1131,19 902,84 690,15 629,74 471,25 341,17
Tc-B4 20,36 32,86 77,72 169,37 198,48 251,43 244,38
Tc-A3 20,00 20,00 20,00 20,03 20,10 22,71 36,44

Table C.3 [b]: F.E. model temperature values, calculated during the deposition of the fifth layer; test case 1.

0s 2s 4s 8s 10s 20s 40s
TeC5 1703,30 1248,65 1065,20 942,23 885,02 727,93 588,99
Te-D5 1424,20 1244,61 1055,57 934,94 878,72 723,93 586,54
TcC1 1043,65 1121,36 963,32 879,38 837,88 710,37 583,75
Te-D1 992,65 1115,40 958,34 875,57 834,57 708,26 582,47
Tc-B4 417,76 417,10 438,73 468,55 484,00 509,05 482,83
Tc-A3 210,40 211,65 213,46 215,19 216,31 222,15 235,50
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Appendix C.4 Temperature distribution component. Test case 5
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Figure C.4: Temperature distribution of the component, calculated in the F.E. model. [a] During the deposition of the first layer;
[b] During the deposition of the fifth layer; [c] During the deposition of the tenth layer.

Table C.4 [a]: F.E. model temperature values, calculated during the deposition of the first layer; test case 5.

0s 2s 4s 8s 10s 20s 40s
Te-C1 1552,51 1144,51 910,08 694,41 633,34 473,42 342,37
Te-D1 1323,70 1131,19 902,84 690,15 629,74 471,25 341,17
Tc-B4 20,36 32,86 77,72 169,37 198,48 251,43 244,38
Tc-A3 20,00 20,00 20,00 20,03 20,10 22,71 36,44

Table C.4 [b]: F.E. model temperature values, calculated during the deposition of the fifth layer; test case 5.

0s 2s 4s 8s 10s 20s 40s
TeC5 1703,30 1248,65 1065,20 942,23 885,02 727,93 588,99
Te-D5 1424,20 1244,61 1055,57 934,94 878,72 723,93 586,54
TcC1 1043,65 1121,36 963,32 879,38 837,88 710,37 583,75
Te-D1 992,65 1115,40 958,34 875,57 834,57 708,26 582,47
Tc-B4 417,76 417,10 438,73 468,55 484,00 509,05 482,83
Tc-A3 210,40 211,65 213,46 215,19 216,31 222,15 235,50
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Appendix D.1 Temperature gradient layer 1. Test case 1
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Figure D.1a: Temperature gradient in the Y-direction, calculated at the mid-point cross-section during the deposition of the first layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.1b: Temperature gradient in the Z-direction, calculated at the mid-point cross-section during the deposition of the first layer:
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.1c: Temperature gradient in the X-direction, calculated at the mid-point cross-section during the deposition of the first layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Appendix D.2 Temperature gradient layer 1. Test case 5
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Figure D.2a: Temperature gradient in the Y-direction, calculated at the mid-point cross-section during the deposition of the first layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.2b: Temperature gradient in the Z-direction, calculated at the mid-point cross-section during the deposition of the first layer:
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.2c: Temperature gradient in the X-direction, calculated at the mid-point cross-section during the deposition of the first layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Appendix D.3 Temperature gradient layer 10. Test case 1
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Figure D.3a: Temperature gradient in the Y-direction, calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.

- degC/mm . degC/mm I degC/mm

o

(¢

B

w

N

-

A 56.9 — A 196 A 103

10
18
50 = 9
16
8
40 14
12
30 10
8 4
20
6
10 4
2 1
0 0 0
V¥ -6.77 V¥ -3.02 v -1.74
(@] [b]

[c]
Figure D.3b: Temperature gradient in the Z-direction, calculated at the mid-point cross-section during the deposition of the tenth layer:
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.3c: Temperature gradient in the X-direction, calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Appendix D.4 Temperature gradient layer 10. Test case 5
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Figure D.4a: Temperature gradient in the Y-direction, calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.4b: Temperature gradient in the Z-direction, calculated at the mid-point cross-section during the deposition of the tenth layer:
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Figure D.4c: Temperature gradient in the X-direction, calculated at the mid-point cross-section during the deposition of the tenth layer.
[a] 4s after the passage of the heat source; [b] 10s after the passage of the heat source; [c] 20s after the passage of the heat source.
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Appendix E.1 Hardness measurement values
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Figure E.1: The hardness measurement values and the standard deviation of the hardness measurement values for the test cases 1 to 5.
[a] Test case 1: Natural cooling, interlayer waiting time 40s; [b] Test case 2: Natural cooling, interlayer waiting time 80s; [c] Test case 3:
Active substrate cooling, interlayer waiting time 20s; [d] Test case 4: Active substrate cooling, interlayer waiting time 40s; [e] Test case 5:
Active component cooling, interlayer waiting time 40s.
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Appendix F.1 Calibration error F.E. model
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Figure F.1: Calibration error of the F.E. model, calculated during the deposition of the simulated ten-layer weld deposit.
[a] Temperature measurement point Tc-D10; [b] Temperature measurement point Tc-D5; [c] Temperature measurement
point Tc-D1; [d] Temperature measurement point Tc-B4; [e] Temperature measurement point Tc-A3.
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