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ABSTRACT

Over the past decade, wire arc additive manufacturing has become ampyomis
alternative ® conventionemanufacturing methods due ts great potetial for

fabrication of medium to largezecomponats with high deposition rate, loxaw

material consumption, and flexibility in design. Despite the advantageous features of
additive manufactung techwlogy, its complex thermal cyclesgalt in micrastructural
heterogeneities and uncertaggiinmechaical properties and corrosion performance of
the additively manufactured components as compared to conventionally fabricated
counterparts. Therefe, wih the purpose of microstructural miidations aml in-service
performance improvements, shthesis ains to investigate the beneficiary effects of post
printing heat treatment on wire arc additively manufactured ferrous alleydpiv

carbon lowalloy geel (ER70S), martensitic stainlesteel (ER420and a preipitation
hardening martensitistanless seel (PH 138Mo). The results of microstructural
characterizations and mechanical properties evaluations showed that apppysiat
printing atstenitiang heat treatments could eliminatee microstratural heérogeneities
and minimize the asotropic mehanical properties of the-asinted thirwall

component of lowcarbon lowalloy steel (ER70S), which was characterized byopkr
microstructwal variations along the building directionith a much éwer ductiity in
vertical direction (~ 126 el) as ompared to the horizontal direction with around 35 %
of elongationlIn addition, posprinting austenitizing treatment at 1180 on the

additivdy manufactured martensitic stainless st¢ER420) resukd in theremoval of

u n d e s-ferrite pthasgwhichwas formed in the agrinted material due to rapid
cooling associated with manufacturing process and high chromium contevit %3 of
the feedstock material. Further tempering procegsd¢he fornation ofchromium
carbides with various sizes and distributions over different tempering temperatures
promotingsecondary hardening during tempering with the maximum microhadnes
value of 550 + 7 H V for the sample tempered at 400H&@vever, the microhardness
reduced to the minimum value of 300 £ 1 H V at higher tempering temperatures ascribed
to interganular segregation and coarsening of carbides, leading eéssixe softeing of
themartensitic matrixinvestigations on the effects of pgminting heat trenent on the
corrosion properties of additively manufactured PFBM stainless steel revedléhat
solution treatment could significantly improve the osion resistace of thematerial

due to the removal of @ n r | efdrrigedohages from the gqsinted microstructure
whichtriggerthe sensitization phenomena in@pleted region atthebouwd ar i -es o f
ferrite and matrix. However, aging ahigh tempeature (600 °C) restddin the

formation of Crenriched MsCs carbideghat created micrgalvaniccoupling sites
throughout thenicrostructureadversely affeang the corrosion performance of tadoy.
Overall, it was concluded that microstructural features, mechanical properties, and
corrosion performance of the additively manufaauferrous allys can be fiéored
based on the required-service condition by implemeritan of proper posprinting heat
treatment cycles
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CHAPTER 1 INTRODUCTI ON

1.1 WHAT | S ADDITIVE MANUFACTURIN G

Traditionally, dfferent subtractivenanufacturing methods were widely used for the
fabrication of enginering components. Since thewv materialm the conventional
manufacturing techiquesis commonly larger than the final product, the process starts
with the removal othe extra materialaording to the intended design until the desired
component is fabcated[1]. On he other hand,dalitive manufacturing (AM)also

known as 3DBprinting, is a rapidlyemergingfabricationtechnology in which a fully
functionalpartis producedhroughincrementablepositingof the feedstocknaterialin a
layerwise fashionresulting in anearnetshapsdinal product[2i 4]. In this technology

3D solid modes areslicedinto alarge numbeof 2D thin crosssectionswhich are
uploaded intan AM machineto be combined in a layéy-layer fashiorand evetually
translated int@ physical objecf5]. AM technobgy was primarily employetbr rapid
prototypingof the products which wereintendedto be fabricatd by other manufacturing
methodsAlthoughdrawings are faster and simplergenerateit is much more
beneficialto fabricate andiisualize a3D model fa better understandintpe main
intentons of the designejs]. However,it is undervaluingo use AM ory for
prototypingpurposs asthis technologys able tooffer afair costsaving capacity and
also asubstantial decrease in the production time, whichkemaanideal substitutefor

the conventional subtractifabricationmethodd6][7]. Initially, AM technologywas
limited to softer mateals such as polymers, waxes, gaper laminatefhiowever, the
developments in the technology expanded the applications of AMit@rserangeof
other engineeringnaterialssuch agsoncretesceramicscompositesand also &road
window of metallic materialsto befabricated bydifferent techniquesf@dD-printing
[51[8][91[10].

1.2 CLASSIFICATIONS O F METAL AM PROCESSES

There are several approachesategoriesnetal AM technologies based on different
criteria. This technology can beaskified based on the feedstock material to two main

categories of wirdbased systems suas wire arc additive mafacturing (WAAM), or



powderbased systemike selective laser meltindSLM) [11]. Anotherwell-known
approachis to classify differentAM techniques according to the feeding methothef
feedstock materiahto two main chsses opowder bed fusion (PBF) processes and
directed energy deposition (DED) techniguewhich the feedstock nerial (either wire
or powder)is fusedsimultaneosly as itis fed from a nozzlg12][13]. A wider
classification can be implemented based on the emplug@dourceinto two major
groups ofbeambasedand arebasedsystemd5]. Beambased methodsormallyuse
laser @ electron beammas the heat source, while dvased systems, comnigrknown as
WAAM, may employgasmetalarc (GMA), gastungsterarc (GTA), or plasmaarc (PA)
welding powersourceg14]. Fig. 1.1 classifiedifferent AM methods under two

categories of beatbased andrcbased systems.
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Figurel.1 Classification of AM metbds basdon theenployed heat source

LaserPowder Bed Fusion (PBF) is anAM method offeringdistinctiveadvantages,
such agproductionof complexparts withintricatedesigrs in a costeffectivemannewith
the possibility offabricating the wholeomponent inone step vth minimal raw
material's waste and shorter time to markiett only academigbut alsodifferent
industries such as aerospaao®medica) automotive oil and gasand marine are

showingsignificant interestgn the parts fabricatedytbeambased systas



According to Fig1.2[15], in aL-PBFsydem, a highenergylaser is introduced to a
powder bedandselectivelymelts a thin layer of theowder based on the intded design.
The process comueswith spreading another thin layer of the feedstock powder on
previouslydeposited layerfollowed by laser meltingandmetallurgical joiningof the
subsequentyersto the previous layensntil thefully dense3D-partis additively
fabricated |t is notable that-PBF methodis called bydifferent terminologiessuch as
Laser BeanMelting (LBM), Selectie Laser Melting (SIM), or Direct Metal Laser
Sintering (DMLS) Different grades ofetak, such agerrous alloysNi alloys, Al alloys
and Ti alloyshave been successfultyanufacturedising different AM techniques.
Electron beam melting (B8) systems flows the saméabricationsequenceas L-PBF
except for gsingelectron beanm an inert controlledand vacuume@tmospheras the
heat sourcenstead of laser
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Pre-fabricated Lavers

= 7
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Figurel.2 A schematidllustrationshowinga typical L-PBF systenjl5].

On the other handVAAM systemsusually benefits from a robotic arm, carryingaac
welding torch as th energy source t@albricate metallic parts additively in the form of
weld beads cerlaid on previously deposited layels WAAM, all the consumable wire
is continuously fed into the adopted electric arc or plasma and entirddniehding to
extremelyhigh deposition ratassociated with this processhich is drastically higher
than that in the powddred/feed AM systemg-ig. 1.3.is an schematic illustration

showng a WAAM system using GMA power sourc¢l6].
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Figurel.3 A schematidllustrationshowinga typical GMA-WAAM system[16].

In recent years, in multiple studidbe capabilities ahe GMAWAAM in terms of
techhological issues and metallurgical propertiesdiffrerent alloys have been widely
explored. For instance, the microstructure and tensile properties of 316 Litazisten
stainless steel fabricated by GMMM [17], the feaibility of depositing steel parts by
means bdouble electrode GMAWased AM systerfiL8], and the effect of the main
deposition process parameters on the surface roughness-oattwan steel parts
fabricated sing GMAW-based additive manufacturifit9] have been investigated.
From the fabrication perspeativthere are many similarities between conventiona
GMAW and wire arc additive manufacturing methods, leading to analogous challenges
and difficulties associated witboth processes. For instance, timergjthi ductility
combinations in steels can be afesttidversely from the thermal cycles experienced
during layerby-layer deposition of WAAM, correlated to either the hatiected zone
(HAZ) softeningand/or formaton of localized brittle zogs (LBZs) along the interpass
regions, commonly observed in thrulti-pass welding processekherefore, adoptingn
arc welding process with a loeat inpuitransfer mode seems to be favorable for the
purpose of WAAM.



Another complexity assoctad with the WAAM of ferrous alloys is that depending on
the carbon contd, alloying elements, and cooling rate of theektéhe manufactured
component in the aggrinted condition may possess a blend of different microstructures,
e.g.,ferrite, Widmansttien ferrite, bainite, martensite, or acicular ferrif@us, to obtain

a desired microstructure with adequate strength @ogdhness in a WAAM part, the
GMAW process essential parameters should be carefully selected

It is reportedhatthe high cooling rate and temperature gradient experienced throughout
the components durirthe AM fabrication process dictate the grain gitodirection and
morphology, yielding heterogeneous microstructures and anisotropic meathani
propertied20]. However, lower thermal input WAANIased processes, such as

WAAM T cold metal transfer (CMT) technique, can result in a more uniform
microstructure and homogermbardness profilaVanget al.[21] also showed thah a

304-L austenitic w&inless steel wall produced by directed energy deposition additive
manufacturing, applying lower heat inputs resulted in a finer microstructure, and,
therefore, higher yield and tensile strérggthan those in the wall fabricatedngsa

higher heat inputThey also reported that at a specific heat input, the coarser
microstructure at the top of the walls compared with the bottom of the components
resulted in a lower yield and tensile strengthe to a lower cooling rate at the tagas

of the wall[21].

Wilsorn-Heid et al.[20] studied the relatimshipbetween the microstructure and the
anisotropy in ductility of an additively fabricated-@Al-4V and concluded that the
elongation percentage in the transverse direction is higher than that of the lioagitud
direction. Wanget al.[22] also reported the anisotropic mechanical properties in a

WAAM Ti-6Al-4V alloy, showing a higher strength and lower ductility in the horizontal
direction compared whtthe building (vertical) direction. Ehauhors correlateé such
properties to the existence of different crystallographic textures along the deposition
direction versus the building direction developed from the directional columnar growth of
Ti grains duing solidification. On the other handadenet al.[23] observed no obvious
anisotropy in mechanical properties such as yield and tensile strength ircarlmm

low-alloy seel (ER70S5) produced via WAAM. Howevein their study, the reported



mechanical properties were not clearly correlated to the micrasteunf the additively
manufactured wall. In a recent study by Sridhastal.[24], a GTA welding system was

used to additively manufacture the l@arbon lowalloy steel ER70% alorg the X, Y-,

and Zdirections followedyy adetailed mechanical progass investigation. A significant
scatter in the elongation with respect to the sample directions was reported and correlated
to the differences in the level of porosities and discaiiteés and the localized variations

of the mcrostructural features ieach sample.

In addition to all the experimental research on the advancement of the WAAM
technology and its accelerated adoption in manufacturing of various engineering
materials, thesimulation and modeling of various asfged the process have beenals
the focus of several studies. For example, the thermal history of the pi2iglsise
deposition patli26], and the dynamics of metal trangf2r] during the fabrication
process have been modeled in previous studies. In a study by Fadiiabf{25], a
thermalmicrostructural model capabté describing the thermal history of the WAAM
process during the fabrication of-BAI-4V alloy wall was developed. The proposed
model was also capable of predicting important microstructural features abtieatel
part based on the predicted thermatdry of the procesf5]. In anoher study, the
metal transfer dynamics of a wire feedipgsed 3D printing process was extensively
investigated, and a correlation model between the process parametees saahinput

ard scanning strategy, and the depositeddgeometry was developg¢d7].

It is well established that higineat inputwelding processes can lead to coarsening of the
ferrite grains in steels due to recrystallization ar@mal phase transfmation from
Austerte [28]. The result can be a significant HAZ softening and a noticeable reduction
in HAZ toughness. This issue is even more critical in the WAAM process due to the
multi-pass nature dhe process. Therefore, adopting d tasding version of the
GMAWI/GTAW process would plausibly favor the HAZ toughness of the WAAM

fabricated steels.



Surface tension transfer (STT) is an advanced cuo@mtrolled shorcircuit metal
transfer mode ithe GMAW process developed by the Lilc&lectic Company[29].

The unique feature of the STT transfer mode is that it offers a combined reduction in
energy and improved energy control through droplet by droplet control of the fusion
zone, which can bleeneficial in minimizing the extewtf HAZ softering and can achieve
a smooth bead profile and improved bead geomé&trg heat input associated with the
STT-GMAW process can be as low as 20% of that in conventional spray or-pulsed
GMAW processef?9]. Hence, a fast cooling process, suclsa3-GMAW, can
dramatically enhanche HAZ toughness of higbtrength lowalloy steels. The
capabilities of this particular transfer mode for the WAAM of metallic components are

hitherto unreported.

Most of the eay-commercializedAM technologiesvere leambasedespecially vith a
laser gin, which provides a collimatedenergy source witanelevated itensity being
able to move precisely amgliickly in a controlled fashioresulting in a lgh-resolution
final productwithout toomuchheataccumulatiorf5]. However, there are some
limitationsassociated withhe bearrbased systems suchlas production ratelimited
size of the product, high cost of equipment, and required vacuum chambecaséhef
electron beam heaburce[30]. Overall, bearrbased systems aparticularly suitable ér
thefabrication oflow volumeandgeometrically complegkomponent$30].

On theother hand,n the last decadeycbased system$&\(AAM ) haveincreasingly
drawn attention from different indusgsbecause atheir potentialto produceanediun to
large metalligparts with a relatively high depositisatein addtion to the competitive
capital investments as comparedoeambased AM system81]. In addition,as opposg
to powderbasedsystaens, using wires as the feedstock materiah WAAM technology
results inavoiding the need for realing theunused remainingowderswhich improves
the materiatlepositiorefficiency, and also signifiaatly decease therice per kilogram

in differert engneering alloyq31]. Interestingly,as compa¥d with conventional
subtractive fabrication methodbge prodictiontime can be reduced by ~50 % in WAAM

[14]. In addtion, the minimum required peshachinng in WAAM leads to a gra



saving opportunity in theaw materialtilization[31][14]. As an industrial example, it
has been reported that airplane landiagrgibscould be successfully fabricated thrbug
WAAM technologywith araund 78 % of saving in the raw maten@alcomparison with
the subtractivemadining being traditionally used for the fabrication of the counterpart
[14]. Complementary to thjspecifictoolingis not required in WAAM proceswhich is
onethe main challenges the conventional manufacturing metisaglich agsasting and

forging resultngin higher production costend more cycle timg81].

1.3 METALL URGICAL DRAWBACKS OF AM PARTS

Despite he adantages othe AM proces®s there are sommetallurgicaldrawbacks
associated with this manufacing technology which aremostly related to its laydpy-
layer depositiorstrategybeingcomparable tonulti-pas welding proces$5].
Therepetitivemelting and solidification @ the deposited material, making the process
prone to the formation of solidification defeatcluding discontinuities, such as hot
cracks, pores, and lack of fusio®me common dettsin WAAM, laser AM and Arc

welding processeareshown in Figl1.4[16].
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Figure 1.4 Different types of defects in WAAM_aser AM and Arc weldind16].



Sweh a high susceptibility of the fabricated parts to manufacturing defects highlights the
importance of estaishingquality assurance procedures t@antee the reliability ahe
additively manufactured componenisfferent qualification procedurdsave been
suggestedo control the quality of both the AM fabrication process and the printed
components, inclding (1)accurate logging and investigatiohAM process parameters
using fast Fourier transform data analysis techniques, and/or (2) in sittorimgy of
individual deposited layers through thermal and optical imaffig{j33]. Additiondly,
simulation and modeling of various aspects of metal AM, i.esitinprocess control and
ex-situ process simulation, have been developed and could potebéalyopted by
manufactirers to emisage any podsility of discontinuity formationThe preence of
defects in a component can lead to the premature failure or a drastic reduction in the
ductility/toughness of the pafurthermoresolidification-induced defects could

potentially contrilnite to anisotrpic mechaical properties along the depasit and

building directions of an AM part, ascribed to the higher density of interpass regions in
the vertical direction, containing heaffected zones ahpossibly a higher density of
discontinuites in the melpool bowndaries Such anisotropy in the eriostructure and
mechanical properties can be diminished or even eliminated by either optimizing the
process parameters or adopting appedprpostfarication heat treatment procesdesa
recentstudy, Xuet al. [34] reported that the microstructural heterogeneity and anisotropic
mechanical properties in a WAAf&bricated maragingteel corponent could be
minimized by appling a solutiorzing heat treatment followed by aging, which

eliminated the microstructural inhomogeneity from the bottom to top of the component.
Therefore, comprehensive investigation of the foromadf discontnuities and
microstructural defects in WAAMabricated corponents and implementation @ost
fabricationprocesses, such as heat treatment or hot isostatic pressing (HIP) cycles, to
alleviate these defects by transforming the microstructarésse fit or servie

conditions, are extremely crutia

Thesequentiaheating and cooling cycles experoed by the material normally affect
the microstructure and consequeniiysewrice performance of the fabricatpdrts[35].

For examplethe heat generated during the deposition of each treay reheate



previaus layers and adversely affect therostructureby potential solidstate phase
transbrmationg5]. As a result of thatnimog cases, additively manufactured tsaare
characteried by a heterogeneoasd locatiordependanmmicrostuucture[5]. These
microstrucural transitionsould be obsendefrom the melt polocenters to melt pool
boundaries ad heat affected zones (HA436], or it may happen in &rger scale
resuling in different merostructural characteristics franottom to middle or top sections
of the componentlue to heat builduguring pat constructbn resulting in different
cooling rates along the bding direction [2]. The thermal histy at each point of the part
includes the maximum experiencemperaturgthe soakingime atthe maximum
temperatire,number of reheating cyckndthe subsequemboling ratewhich may vary
atdifferentpoints of the componenieadng toa final prodet with a noruniform
microstructue [5]. Geet al.[35] reported variations in the abing rate at different
locations of aNAAM -fabricated2Cr13 MSS Theyreoorded7i 11 timesfaster cooling at
the bottom regions of the part aswpared tdhetop areaswhich affected theelative
volumefraction of marénsiteandferrite along the buildig direction[35]. In addition,

the significantdirectional heat dissipatidnom thesubstrate usually leads to a direntl
solidification from bottom to top of the part resulting in atte®d structuralong tre
building direction[37]. For example, ferrous alys are highlyprone tothe formation of a
strorg fibre texturein <001> diretion alignedwith the buildng direction[38,39],
attributedto thefactthat <001> is th@referentialgrowth orientationin cubic metals

[40]. Moreover additively manufacturegbarts are tymally expmpsed to higher cooling
rates as ampared to other marfacturing processes resulting aichsolidification and
consequently fonation of norequilibrium phases gucingresidual stressvhich may
lead to crackig duringthe depositin proces®r dter partconstructiorf41]. The
formation of undesable G-ferrite as anon-equilibriumphaseat room temperatungas
frequently reportedn WAAM -fabricatedmartensitic stainless steel (MSS)aaesult of
rapd solidffication [42,43][44,45] It has been repted that the presence @ferrite in

the microstructuref MSS parts defrioratesoth corroon and mechanical properties of
the alloy[46][47][48].
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From a metallurgical point of viewhesekinds of microstructural inhomogeneities could
potentiallyresult in anisotropic mechanical proper{i@g,49,50] For insance Warg et

al. [21] reportedanisotopic ductility inthe transversandlongitudinal directiosin an
additively manufactured 304L stainless sthet tothe formation ot o | u mferdate 0
dendriteggrown peferentially along théuilding drection. Anisotropic mechanical
properties werelso observed in WAAM -fabricatedTi-6Al-4V part due ta strong
crystallographic texture developed as a result of directional colugnoath of primary

b g rabongnhsbuilding direction[22].

Over and above thasome feedstocilloysare notintended to be used in the-as
solidified condition as theynight requie past-process heat treatment to deliver the
desred microstructureln particulay agehardenable alloyarerelativelysoftin the as
printedstatedue to theapid solidification ad subsequerfiast cooling which hincers the
formation ofprecipitates[51]. For examfe, AM-fabricated pecipitation hadenirgy
stainlesssteelsneed to besolution trea¢dfollowed byagingprocesgo form precipitates
as a reinforcemerggentin the matrixin orderto improve the mechanical propert@fs

the componenb2].

In conclusionmayjority of addtively manufctured pag are highly prone to varietie$ o
microstructural defects and heterogenejtrdsich need to be modified through
appropriate posgprinting heat treatmentgior to implementation itheir intended service

condition

1.4 PosT-PRINTI NG HEAT TREATMENT OF ADDITIVELY MANUFACTURED

PARTS
Postprinting heat treatment is generadlgplied to additively manufactured patids
homogenize the microstructure, decreaseadblualstressminimize the anisotropic
properties, improve the @chanicaproperties, and even enhance the corrosion
performancef the materia[53][14]. In somecases, traditional heat treatment recipes of
the conventionally faricatedmaterials areapplicable for additidg manufactured past

[54], while the intended times and temperatures miginy dueto potenia differences
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between the initiainicrostructureof the 3Dprinted andcconventionally fabricated part
[55]. For example, it has been reported that secondary hardesdngsat higher
tempering temperature in AffhbricatedH13tool steel as compared to the
conventionally fabricated alloy @éuo thedifference in the content of retained austenite

in their initial microstructure$56].

Selection of a proper heat treatment could significantly boost tberiice performance
of the part, wie empbying an incorrect cycle could potentially result in extsceal
stress, high probability of crack formation/propagatiom possibly catastrophic failures
[14]. Hadadzadektal. [57] studied theeffect of postprinting heat treatment on an AM
fabricatedFe Cri Nii Al maraging stainless steghdreportedthatconventional
austenitizatioragingtreatment detrimentgl influencedthe strength ofmaterialdue to
martensite lathsoarseningnd hndrane of precipitateformation duringsubsequent
aging However, tley concluded thatirectaging of the a$uilt material(skipping the
conventionahustenitizatiohled tostrengthmprovement dué martensite lath size
refinement in addition tpredpitation of nanometria n d ¢ o {N®&lrspherical b
phaseg$57]. Saeidiet al.[58] also reported that selection of an extremely laghealing
temperaturegabove 1 1 5 Q resMt€in partialformationof U-ferrite needleswhich
causes a reduction in te&rength of thedditivdy manufacture@16L austenite stainless
steel

On the other handeneicial effects of posprinting heat treatment on the additively
manufactured pas werealsofrequentlyreported by different researchers in the literature.
For exampleYWanget al.[59] reportedthe eliminaton of anisotropic mechanical
propertiesn aWAAM -fabricated H13 steelsaresult ofannealing heat treatment f#bh

at 830 °Cdue to obtaining Aomogeneous microstructurethe heattreated condition.

Li et al.[60] investigated th@ostprinting heat treatment optimizatioof WAAM -
fabricatedGrade 91 steelnd showed that the-gsintedpartis much more brite than

the wroughtcounterpart due ta heterogeneous microstructure consistingegfregated

MX precipitateshigh densityof dislocatiors, andultra-fine martensite lathalong with

residualti-ferrite. However, posprinting homognizing and aging treaentresultedin
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anexcellentcombination of strength and ductility due to dissioin of pre-existing MX
phasesn the matrix which facilitaes theformation of dispersiviM»z:Cs and MX phases
in thematrix[60].

1.5 ADDITIVE MANUFACTURING OF FERROUS ALLOYS

Ferrous alloys are known as the most common engineering matatialswide range of
applications in different industrieslueto thar excdlent characteristics such as great
combination of mechanical propertieg¢ngth, hardnessoughnessductility, and wear
resistanck decent corrosion resistance speciallyhl tase of stainless steeledmore
importantly their lower pce mmparedto most of other engineering materials
[53][61][62]. Interestngly, ferrous alloys aréncredbly versdile as their properties can
be tailored due to thewide range of achievable microstructuigdturesand phases
(ferrite, pearlite, bainite, martensite, etc.) wdiktinctpropertes[53]. For example, high
strength lowalloy steels are called when a material is needée mployed under
mechanical loading ia non-corrosive environmenHowever, stainless steels (ferritic,
austenitic,martensitic)are the bestchoice when a part is intendexbe in contact with a
corrosive environment at moderate temperatb®g On the other hangbrecipitation
harderdstairless geels are employed when a part is required to serviaansi
corrosive mediainder severmechanical stress¢&3]. Tool stels also provide an
excellent corhination of wearesistancghardnss, and yield strengtiequiredfor

spedfic applications suchstool and de makingindustry[53].

Anotherimportantfeature offerrous allog which makethemagoodcandidate for AM
technology ishieir great fusion weldality sinceduring the AM process thieedstock
material undergoes sequential melting and solidificatidnch is verysimilar to multt
pass welding62]. Wire arc additive manufacturing of ferrous alloys has increasingly
drawn attention of difrent research institutisnand various aspects of WAAM
fabricated ferros alloys such agrocess parameterggdual stress and distoo,
correld@ion between microstructure and mechanical propedgspsion propertiesgtc.
For exampleLiberini etal. [2] studied the microstructuréatures of thin wall

components fabrated by wire arc additivemanudacturing using a lowcarbon lowalloy
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steel (ER70S) feedstock material. They reported microstructural variatargsthe

building direction characterized byfarritic-pearliic microstructureat thebottom zone,
equiaxed érrite grainsatthe midde, and a bainitic structure at th&op regionsof the
componenf2]. They correlated thebserved heterogeneities to thiferent thermal

history expeienced by different regiaof the wallduring the fabrication mcesd2].
Although mechanical testing in tmevork was limited to microhardness measurements, it
is so important to the evaluate the potential anipatrperformancevhen dealing with
inhomageneous microstructureespaly in additively manufactured components that are

naturally prone to have oritation-dependant propertig¢35].

One of the met common microstructural imperfectiomsadditively manufactured

stainless steels is the formationdfa g h e r  c-femté as nompaceth U

conventionally fabricged @unterparts [64]. Forinstance, in the case of -#7/PH stainless

steel with a GdfNieg>1.55 and a ferrite solidification mode, the phase transformation
sequenc&nder equilibrium coolings as follows: Liquidy U-ferriteY 2-aust eni t e + |
ferriteY mar t e n-feirite[65]. Howéve , t he di ffusi oferatt trans
Y o-austeite is cecelerated during AM due high cooling rate associatedth nature of

the procesf64]. Ther ef or e -ferriteineAM<dabricated H+4 PHthinleds

steel is much higher than that of the conventionally fabricated countggpit has

been reported that the presencé-fdrrite in the microstructure dftainless stegdarts

deteriorates both corrasi and mechanical properties of the al4§][47][48]. As an
example,Tarasw et al.[66] studiedthe stability of theoxide passivatiofayer formed on

the surfae of an AMfabricatedAlSI 304 SS It was indicatd that the heat input as the

most important proas parameteaaffects thal-ferrite contentin the asprinted condition

[66]. Ther investigationgevealedhatcorrosion resistancaf the material highly

depend on the volume fraction dfr-enrichedi-ferrite as themaximumcorrosion mass
losscoincided with the sample containin§the highest content afferrite [66]. They

reportedthat the local corrosioattackoccurredn the austenite phasasaustenite/ferrite
boundarieswhich were depleted in cbmium [66].
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Although successful AMabrication of different ferrous alloys have been reported in the
literature[62], it has been frequegtdeclared that microstructural characteristics,
corrosion performance and mechanicalperties of the WAAMfabricated ferous alloys
are differenfrom theconventionally fabricated parfS3][62]. Thereforethere is still an
essential need tafther investigate diffent aspects ofthe process analsothe effect of
postprinting heat treatment on the microstructard properties of thadditively
manuactured prts [62]. Accordingly, in this researglthree different ferrous alloys,
including a low-carbon lowalloy steel (ER®@S), a matensitic stainless ste@R420),
and a precipitatiohardeing martensitic stainkes steel (PH :8Mo) were selected abd
feedstock materidbr wire arc additive manufacturing. Following the fabricationcpss,
the effect of posprinting het treatmat on different aspects the additively
manufactured parts weoemprehensivelgtudied. In particularjn the first phae of the
research,he effectof quenching mediafter austenitizing was investigated the
microstructure and anisotropicechanicbproperties of the WAAMER70S thiawall
componentin the second phasthe effectof temperingprocess on the microstruce
and secondary hdening was investigated in the WAAM 420 martenstainlessteé
part. In the third phasef the research, efect of postprinting sdution and aging
treatment on the secondary phase formadimh the resultant corrosion performaraf an
additively manufacturegrecipitationhardemng martensitic stainless ste&VAAM PH
13-8Mo) wereinvestigded

1.6 ORGANIZATION O F THE THESIS

This thesids prepared in a papéased format in three main phageserall, & a result
of the research #&wities during this Ph.D. program articles were published
in/submittecto peerreviewed journas (six articles as tharkst authe, and 10 articles as
the ceauthol). Moreover the thesis's outcomegere presentein different conferense
(two papersas the first author arttireepapers as theo-autho).

The papersvritten as the firsauhor are ncluded in three mairhapters {wo papers in
each chapt®, and theco-authoredarticles are alsbstedfor further information.

List of publicatiors:
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2.1.1. ABSTRACT

This studyaims toinvestigate théabricationfeasbility of a conventnally rolled low
carbon lowalloy shipbuilding steelplate (EH36) by emergingwire arc additive
manufacuring (WAAM) technologyusing ER70S feedstock wirgollowing the
fabricationprocessdifferent heat treatmentycles includingair-cooling and water
guenchingrom theintercriticalaustenitizing temperature of 800,%ereapplied to boh
conventiondly rolledandWAAM samplesMicrostructuralfeaturesandmechanical
properties of both rolleend WAAM fabricatedship plateswere omprehensvely
characterized and compareefore ad afterdifferentheat treatmentycles. Both air-
cooling and watequending heatreatmens resulted in the formatioof hardmartensite
austenite (MA) constituents inghmicrostiucture of the rolled sp plate leading to the

increased hardness and tenstiengthandreduced ductility othe componet. On the
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other handair-cooling heat treatmermwas found tdhomogenize the rarostructure of the
WAAM ship plate causing aslightdecreasén the hardessand ensile strength, while
the waterquenchingcycleled to theformation of aciculaferrite ar intergranular

pearlie, contrikuting to theimproved mechanical propertie§the part Therefore, the
enhanced mechamiktintegrity of the watequenchd WAAM component as compared to

its rolled counterpart verifiethe fabrication feasibily of the slip plates bythe WAAM.

2.1.2. | NTRODUCT ION

ASTM A131 EH36 alloy is éow-carbon lowalloy steel characterized laygreat
combinaion of strength and ductilithigh tougmessandexcellentweldability, suitable
for structural applicationsandwidely used in themarine andhipbuilding industy [67].
Some applicationsf this grade ofsteel includecabin structures, ship hudbmponents
and some structurglars, such @& bowplates of ships ad cruises[68]. EH36 $ip plates
are commonlynanufacturedhroughthe conventionahot rdling pracessor therme
mechanical control rolling (TMCP) with an accelerated coolirg@sq69]. The
conventionalhot rolling techniqueyields a relatively coarse banded microstrucfufs,
which reduces the strength and ductility & tomponentiue totheentrapment of
hydrogen at the banéihterfaces [69]. On the other hand, tlegjuaxed gain structure of
TMCP-EH36 steeleads tahe improvedmechanical and corrims propeties d the
componenf71]. Suchrolling processes amosty suitedfor the fabrication of simple
geometry pag such as ship hud] but incamble offabricatingmore complex geometrigs

such as bow structusén aonestep maafactuing process.

Newly developed additive maradturing(AM) techniqus, also known as ®-printing,
areable to fabricate complegeometry componentt arelatively high depositiorrate
the lowest possibleumbe of production cyclesminimum materis wase andenergy
expenditures in contrast withé conventional subtractive fatation techniques
[14,26,72 74]. By drastic reduction ithe fabricéion time and production steps,
minimizing theon-hold inventory, reducing the numbafrdistinct partsneeded for an
assemly, and almost no design boundaagditivemarufactuing technologies hee the

potential to revolutionize the industrial manufactgrsectorg14,75]
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Wire arc additive manufacturingM{AAM ) is alarge-scaale netal AM technology
utilizing an arcwelding torchas a heat sour@nd a onsumable wireas the feedstock
materialto fabricate a neanetshape component layby layer additively[14]. In this
manufacturingnethod typically, the welding torchs mounte on a robotic arm
connected to aomputer cotroller capable oproducinglow to medum conplexity and
medium to large scalmetallicparts[75,76] In recent years, WAAM hdseen known as
an evolvingmanufacturingnethodfor several industrial materialsuch asickel,
aluminum, steeland titanium alloys [14]. Weldability is the most important factor
controllingthe fabrication feasibilitypf a meterial by WAAM since the process based
ondepositingsuccessive layerd aveld beads on top ofeach otheuntil the nearnet
shapepartis completely builtTherefore,the lowcarbon lowalloy nature of theteelraw
materialusedin shipbuilding not anly facilitatesthe weldability of thealloy [70], but also
ensurests fabrication feasibilityusing thewire arcaddtive manufacturingAlthough
3D-printing of ship plateshave previously beeraried outsuccessfullfthroughpowder
basel additive manufacturingystemssuch as alective laser melting SLM) [77,78],
WAAM of ship plates has never been reépdm the literature The main drawback of the
powderbasedadditive manufacturingysemsis the limited size of the 3fprinted par$
due to the small size of thmiild ervelop[76], andalsothe low deposition rate of the
process (0.D.6 kg/h [79]. Differently, in WAAM , not onlythe component size is
independent ofa confinedbuild chamberput alsothe entirefeedstock material
(conauimable wire) isontinuouslyfed into the &ctric arc, resulting in a considerably
higherdepositiorrate(3-8 kg/h)ascomparedd the powdetbased systegi6,74,79]
Consequentlyadoptingwire-based systenfer manufacturing ofarge scale shipbuilding
plates with medim complexity in desigaremoreoperatioml.

Consderingthe recent developmesin the shipbuilding industry, superior mechaalic
propertiesof ship structurearehighly denandedo ensureaprolonged andeliade
senice life of theshipin harsh mane environmerg[80]. On the oher hand, reducing
the overall weightthicknes of the componentaithoutany @mpromisdn the strength is
aprindpal objective for all transportation industriéer reducingfuel consumptiorand

energysavirg purposesand alsaeducing the environmentpollutants[81]. Therefore,
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developing and implementingppropriate hedteatmentcyclescapable ofmodifying the
microstructure of shipbuilding steels and amently improvingthe mechanical
propertiessuch as strength, ductility, and tougha ofship structuresare highly
important and of great interest of the marinetee[82].

Heat treatmet of low-alloy steels can belassifiedbasel on the austenitizing
temperaturénto two man categoriesi.e., uppercritical (aboveAc line of FeFeC
binary phase diagm) and intercritical (betweeAc: andAc lines)temperaturg[83]. It
has been reported that as a result of waikenching from uppecriti cal temperature, the
microstructure transfans toalmost fullmartensiteleadirg to an ncrease in hardness,
but a signifcant drop in ductilityand toughnes83]. However, watequenching from
intercritical temperatuseresulsin a dualphase microstructuyencluding ferrite and
martensitewhich exhibits a better combination of strength and ductili®g,84]. Hayatet
al. [81] studied the watequenching heat treatment of Grade A (GA) ship plateste
from different austenitizing temperatsyee., the uppercritical temperaturef®00 C
and intercritical temperature$ 730°C, 760°C, and 800 °CThe resultsrom Haya 0 s
study[81] showedthat althaghthewaterquenching from uppeeritical temperature
(900 °C)considerablyncreagdthe hardness and strength, this hizaitment
deterioratedhe ductility of thecomponen due tothe formationof a fully martensitic
microstructureHowever, in duaphase (DP) stels the presence of 790%softferrite
grains as the matrix providesgreaductility, while the hard martesite as the

reinforcement improves the hawets andstrength of the componef85i 87].

This studyis intended tdnvestigae thefabricationfeasibility ofbow plates inthe ship
hull structure implementindhewire arc additive manufacturirtgcmologyusing ER70S
feedstock wirghroudh in-depthmicrostructural and mechanicaigpertiesanalysesThe
results were compared witheproperties of amasreceivedconvenionally rolled EH36
shipbuilding steeplate. Furthermoretwo differentheat treament gcles including air
cooling andwvaterquenchingrom theintercritical austnitizing temperature of 800 °C

were appliedo both asreceived and aprinted compondsin order to stdy the effect of
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heat treatranton the microstructurafeaturesandthe resultantmechanical properties of

theparts
2.1.3. EXPERIMENTAL PROCEDURE
2.13 1 Material s and Fabrication Process

In this study, two differentmaterialsincluding asreceived conventionally rolled and
WAAM fabricatedship plates were compared in ters of mcrostructural characteristics
andmechanical properties. Thanr material sedfor the rolled shipuilding plate was
EH36 steeland the feedstock material lized for WAAM was ER70Swvire with 0.9 mm
(0.035 hches) diameteiThe chemical compositn of heraw materials are listed in
Tabe 2.11. It is notable that the ER70S is tbemmercial available wire with the closest
chemical composition tibs shipbuildingplate counterpartwhich is also the most
comnonly usedwire for welding ofEH36 shipbuilding plates [88,89] An S-350 Power
Wave Lincoln Eletric MIG welding machine equipped witim @dvanced surface tension
transfer (STT) modwith processg parameters listed ifable2.12 was employed as
the heat source favire arc additive manufacturirgf the partit has been repted that
the advance®@TT modeis capable oflepositinghigh-quality beadsat a lowheat input
andaminimum amaint of spattemng and lack of fusion§3,90]. To further reducethe

heat accumulatioduring WAAM in the previously deposited layef®-min dwell time
was implemented between depasitiof consecutive layergnsurirg aless than 165 °C

interpass temperature ecommeded by AWS A28/A5 standard91].

Table2.1.1 The rominal chemical composition of the raw materiatsluding EH36
and ER70S (all data in wt. %)

Material C Mn Si Cr Ni Mo S Al \ Nb Cu P Fe
EH36 0.14| 1.47| 0.28| 0.05| 0.30| 0.01| 0.002| 0.04| 0.03| 0.03| 0.20| 0.02]| Bal.
ER70S 008 | 1.45| 0.98| 0.05| 0.07| 0.05| 0.01 -| 0.04 -| 0.25| 0.01]| Bal.
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Table2.1.2 The WAAM proassng parameters for fabrication of the ship plate using
ER70S wire as the festbck material

Arc Arc er.e Scanni Argon
Current Voltage Feeding ng Rate Flow
9 Rate 9 Rate
320 A 28V 0.104 m/s 0.066 m/s | 45 L/min
2.1.3.2 Heat treatment processes

Following the fabrication process, two types of heat treatment pro¢c@sslesingair-
cooling and watequenchingwere condcted on both rolled and/AAM fabricated
components tonodify the microstructure anté¢ resultaninechanical properties of the
ship plates.Fig. 2.11adepicts a graphical illustration of different heat treatmentesycl
used in this study. Prior to perfoing the heat treatment cycles, all gdeswere
anneéded by heating up to 1000 °C @e Acs line) for 30 min and then furnaemdedto
ensure providing a homogenous microstructure before applying the main heagriteat
cycles.Following this annealingtep, he samples were hetdtheintercritical
austaitizing temperature of 80@C°(betweenAc: andAcs) for 1 h,and then subjeedto

different cooling rates.e., air cooling and water quenching

It should be metioned that theffect of alloying elenents on théc: andAcs linescan
be calculatedaccading to equatios (2.11) and(2.1.2), suggested by Andrew92].
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Usingequatiors (2.11) and(2.1.2) andalsothe chemtal @mmposition of the alloys
(Table2.11), Aci andAcs lines wee determinedo be715°C and835 °C for EH36stee]
and736°C and 893°C for ER70Salloy, respectively Accordingly,the austenitizing
temperaturevasselectedit 800 °C which falls between Ac: andAcs linesfor both rolled
(EH36)andWAAM manufactured ER70S)shipplates.
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2.13.3 Microstructural Characterizations

Metallograplic samplesvere prepared émtherolled, asprinted and heat treated
samplesising a Tegamin30 Struers autgrinder/polisherwith afinal polishing 0f0.25
pm using ColloidalSilica suspesion,followed by 15 s etching using% Nital reagent.
The micratructural features were ahacterized by Nikon Eclipse 50i optical
microscopeand a FEI MLA 650F field emisson s@nning electron microscomeuipped
with anenergy dispersivepectroscop (EDS) detedair. Thevolume fractions of the
microstructuraphaseswere calculatethroughimage analysisf at leasfive different
spotsusing the ImagJ softwareln additioan, Nardlys Il HKL electron backcatter
diffraction (EBSD) analysigvas employd to further nvestigate the texture, the grains
size distributim, grains shape aspect @tand the grains misorientation angle
distribution in both aseceived rolled and gsrinted ship platesThe EBSD analysis as
performed with a tilt agle of 70°and a step sie of 14 ¢ mThe HKL Inc. software
(Channel 5wasalso used tperformpostprocessing analysis on the collected EBSD
raw data.A Rigaku Ultimate IV Xray diffracion (XRD) deviceequippedvith Cu-Kg
source a4 mA and 40 kMvith a step size of 0.02° coveringldfraction angle range of
40°-85° ( 2 Wasemployed fo phase deteain and furthercharacterization. Moreover,
MDI JADE 2010software and ICDD databasesm sedto quantifythe volume
fraction of different phases basedtbe method of Whole Patteritfing (WPF).

2.1.3.4 Mechanical Properties Measurements

Vickers micohardness wasieasureat leastentimes on differentocationsof each
sample utilzing a Buehler Micromet hardness test machine aitbad of 80 g anda
dwell-time of 45s. Theuniaxial tensiletesting waslsoconducted usig a5585H Instron
loadframe withamaxmum load capacity a250kN and a strain rate of 8 mm/miim
order toprepae the tensile samples, thelasld wall wasinitially milled to removel.2
mm from each sidef the part ane&liminate theasprintedsurfface roughnesgroviding a
flat surface suitable fahe subsequemutting processThe tensildestsamples wrethen
preparedy water jet cutting machingith atotal length ofLO0 mm,agauge length 025
mm, andathickness ob mm as recommended B TM E8m04 [93]. In order to stug

possble existinganisotropyin mechanical propertiethe tensile testing was performed
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along thedeposition and building directioria the WAAM part (see Fig2.1.1b), and also
the rolling and transverse directions in the rolled samevoid consiceringoutliers

and achieveneaningfulaverage valug at least five samplesere subjected to uniaxia
tersile testingfor each tested direction

a)

1000 °C, 30 min

800 °C, 60 min

Temperature (°C)

--------------------- Room Temperature

Time (min)

b)

wona( (jean104) Swppng.

Figure2.11 (a) The adopted heat treatment lggin this study, includingnitial
annealing, intercritical reheating, followed by different cooling cydlesthe
WAAM fabricated part indicating the locains of tensile samples
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2.1.4. RESULTS
2.14 1 Microstructural Characterizations
2.1.4.1.1 As-received rolled and WAAM fabricated shipb uilding plates

Fig. 2.12ashows a threglimensionabptical microscopymageof the asreceved rolled
shipplate(EH36) containing abandednicrostructurevith aninterval of~ 40 um,which
is elongatedalongthe rollingdirection According tothe SEMmicrographs shown iRig.
2.12b and c, the microstructure of theraseived ship plateonssts of ferrite graingF)
besice pearliteregions(P) with afine lamelar morphology On the other hanés shown
by the schematicliistration andhelow magnfication optical microscope image Fig.
2.13a, themicrostructure of th&VAAM fabricatedshp plate ER703 contains three
distinguishable regions in each depeditayerincludingmelt pool center, melt pool
boundaryand heatffected zon€HAZ). This pattern is repeated throughout the building
direction of the component with3 mm interval,which is the tihckness of each
deposited layerAs depicted in Fig2.1.3b, themelt pod centercompriseof polygonal
ferrite (PF)along wth asmall vdume fraction of intergranular lamellgrearlite whereas
themelt poolboundariegFig. 2.13c) include a mixture of aciculaferrite (AF), bainite

(B), and nartensiteaugenite (MA) phases
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Figure2.12 (a) Threedimengsonal ogical microgrgh ofthe asreceived
conventionally rolled EH36 shiquilding steel (b) SEM micrographfrom the side
view of the rolled ship plateand (¢ higher magification of the enclosed area in

(b).
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HAZ  Melt Pool Center

Building Direction

Figure2.1.3 (&) Schematic illustration of two successivepdsited layers along with a
low magnification optal micrographof the WAAM fabricatedship plate (ER70S)
containingthree distinguishableegions including melt pool center, melt pool
boundaryand HAZ,(b) highmagnification SEM micrograph of the metiq
center and(c) the melt pool boundary

To compae the volume fractio of the pearlite phase in teenventionally rded (EH36)
andadditively manufacturedER70S)shipplates, a comprehensive mistucturdimage
analysis from several spots of batiimples were carried ousingthe ImageJ doware @
representative ofazh samplés shown in Fig2.14). The pearlitevolume fractios were
measuredo be20.32 £ 0.81%and12.54 + 0.56%0f the totalmicrostucture highlighted
by thered colorin Fig. 2.14) for theconventionally rolled anthe mdt pool center of the
WAAM fabricatedship platesrespectivelyOverall, the microstructiral analysis of the
asreceived and aprinted ship plates revesal that loth samples conta@aan
inhomogeneous microstrucgiwhich can potentially be modified tapplying

appropriate heat treatmiecycles
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Figure2.14 Phase fraction analysis dfe(a) asreceived rolled and (b) YWAAM
fabricated ship plates showing the pearlite phase in red and the ferrite grains in gray

Fig. 2.1.5 demonstrates the inverse poleuig (IPF) maps of thasreceived rded steel
and the aprintedship plate covengthe transition from the melt pboenter b the heat
affectedzone in addition to the statistical graphs obtained from the EBSDataw d
According to the bar charts dfe grains size distritiion (Fig.2.15c), the average grain
size ofthe asprintedsample was found to be 7.30 £ 5ih, confrming the presence of
abimodal grain size distribution as evidenced by the relatively siaglard deviation of
the grain size. Tbe precise, 45% of ghgrains wee finer than 5 um, 21% of theans
had a dinension between 5 um and 10 um, WehB4% ofthe grains reached a ganof 10
pm to 40 um. The small grains (less than 5 um) can bibatktd to the fine grain
structure in thenelt pool center, wike the larg grains (1840 um) can be ass@ated with
thecoarse HAZ, and the grains withdanensiornbetween 5 pum and 10 pmearelated to
the transition zone from the melt pool center toHlA&Z. The grain coarsening in HAZ
can alsde clearly observednathe IPF nap of the agprinted sample (Fig2.15b).
Corsidering the impact of the grairesi on thanechanical properties of tmeaterial
according to the HalPetch equatioff4], the grairsize vaiations through the building
(vertical) dire¢ion, where a higher density of @mpass regns and HAZs has formed,
can potentially deteriorate the mechanical properties of theiatad ship plate in the
building direction.On the other hand, ithhe asreceived rolled ship plate, 91% biet
grainswere finer than 5 pum, confirming fne and wmiform grain size structureith an
average size of 1.95 = 0.23 um. According to the gnaissrientation angle distribution

graph (Fig2.15d), 93% of the graisin the asreceived rolled ship plate sived a
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misorientation angle less than Igdee which canpotentiallybeascribed tdahe applied
plastic deformation during the rolling procesl®wever, the grain boundaries
misorientation agles were more disordedin the asprinted sample showing a raod
misorientation mostly in a range oft@ 5 degres. The formation of grains with
disordered misorientation angles was previously obsernvaddtively manufactured
steel components, andaw attributed to theidghh energy of the heat source and fast
scaming rate during the deposition procg9%]. Regrading the aspect ratio, it is well
knownthatthe grains with the aspect ratio less thawreconsidered as dgued grains,
while the columnar grains havan apect ratio of higher than [96,97] According to Fig.
2.15e, both the aseceivedolled and agprinted ship plates adominanty (~ 95%)
composed of equiaxed grains, confirming no preferential distortion directidimefor
grains
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Figure2.15 The EBSDIPF mays of the (a) aseceived rolld ship plate(b) asprinted
ship plate. Thelotsof (c) grans size dstributions, (d) grains misorientation angle
distributions, and (e) grains shesgspet ratio distributions
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Although the IPF map®r both samples didat reveal a specific dominagtain
orientaion, more detailed and quantitat informationon the texture can be obtained
from the pole figure (PF) maps. F@§l6a and b also shwthepole figures (PFs) derived
from the IPF maps of thesreceived rolle and agrinted ship plates, resptively. The
comparison between the pdigures reveale that albeit both structures are not strongly
textured, the aprinted structure of the WAM sanple possesses a stronger texture
component with anaximum intensityof 3.08, particularly for the {1Tcrystal planes
approximately 45° from #aY -axis. The psition of the poles with the highest intensity
on the {111} pole figure refers to the {1]] 101] texture component, which is known as
one of the main texire components in a material wBCC crystal sucture €.g,

ferrite), trandormed from he FCC crystal structure.g, austenite)98]. Such plase
transformation occurs during solidification of each deposited layer and also during
cooling of the previously solidified layer(s) that have beeaustenitizedvhen a new

layer is deposited
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Figure2.16 Pole figures é6the (a) ageceived rolled and (b) WAAM ship plates
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2.1.4.1.2 Heattreated rolled an d WAAM fabricated shipb uilding
plates

Figs. 2.17 and2.18 demmstratethe microstructure of theonventionallyrolled and
additively manufacturd sample, respectiely, after appying different heat treatment
cycles includingair-cooling andvaterquending from the austenitizing temperatuid
800 °C.According toFig. 2.1.7aandb, the aircooling heat treatmewin the rolled ship
plateresulted irtheformation d mostly slenér MA phases located #tegrain
boundaries ofheferrite graindn additionto some coarse lamellar pearlite regiods
the other handherapid @oling ratedue tothe waterquenchingrom the austenitiing
temperature 10800 °C causedhe formationof mostly blocky MA phaseat the matrix of

polygonal ferrite(see Fig2.1.7c andd).

The X-ray diffraction spectra of the rolled ship plate befard after aircooling and
waterquenching heat treatments ah@wn in Fig.2.19. It can bededuced fronthe X-
ray diffraction patterns that the-esceived rolled ship plate doestrortain any etained
austenite phase due to owning an entirely ferpéarlitic microstructure, whereas the
heat treated samples accontate retainedudenite n the MA phase A quantitative
comparisorbetweerthe volume fraction of the retained #arste in the ar-cooled and

waterquenched rolled ship plates is presenteithe discussion section

33



TN r L \ i 1
A' \ \

Slender MA——>——" \ *—Slender MA

"~ Blocky MA= +7 -

10 pm

Figure2.1.7 SEM nicrographsdken from the rolleghip plate after appigg different
heat treatments including: (a) (&) ar-cooling cycle, and (c) & (d) wate&uenching
cycle

Applying the @-cooling heat treatment on the gisnted WAAM ship plate (ER79)
resulted irthe formaton of a ferritiepeatitic microstructurehomogenously developed
over the entire samplgee Fg. 2.18a and b). It is worth mentioning that the
homogeneity and ufarmity of the microstructure after agooling were promoted both
in terms ofthe formed ncro-constituents and thgrain size distbution. Differently, the
waterquenching cycléed tothe fomation of tiny (approximately 1 pum long) and sharp
acicular errite at the grain boundaries of the polygonal ferrite grains plos &olume
fraction d intergranular lamellapearlite (see Fig2.1.8c and d). The microstructure of
each sample bebre and afteheat treatments will be thoroughly deliberated in the

discussim section
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Figure2.1.8 OpticalandSEM micrograpls taken fromthe WAAM sample after
different heat treatmésincluding: (a) & (b) air-cooling cycle, and (c) & (d) water
guenching cycle
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Figure2.19 X-ray diffraction patterns of the @isceived rolledgshipplate before lad
after different heat treatments, including-@aolingand watemquenching

2.1.4.2 Mechanical P ro perties

The results of microhardness testing othlyolled andWAAM shipplates before and
after applying different heateatments (aicoding (AC) and waterquerching (WQ)) are
presentecs a box plot ifrig. 2.110. The averagenicrohardhess of theolled and
WAAM ship platesveremeasured at7/D + 1 HV and 60 + 7 HV, respectively The
waterquenchingheat treatmenwas faind toincreasethe hardness dfothrolled and
WAAM sampledy ~ 128 HV and~ 41 HV, respectively. Howevetheair-cooling
themad cycleledto aslightdrop of microhardness vawf the WAAM sampleto 145 +
1 HV and amoderatancrease in thenicrohardahess of theolledshipplateto 216 + 2
HV.
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Figure2.1.10 Vickers microhardnessf the asreceived rolld and WAAM ship plates
before and after diffrent heatreatments, i.e., attooling (AC) and watequenching

(WQ).

The stressstrain curvesof theasreceivedrolled shipplate in the rollinghorizontal)and
transversdvertical) directiors along withthe heat treatesampla just inrolling direction
areall plotted in Fig.2.111a. It should benotedthat snce the aseeived saples in
both rolling and transverse directions showed a simikchanicaperformancevith no
anitropy, the heat treated sameg were tested dnin the rolling diretion. Fig.2.111b
also shows the resalof uniaxial tensile testing on both-psnted and heat treated
additively manufacturedhip plates along thedeposition orizonta) andbuilding
(vertical) directions. Accordig toFig. 2.111aand b, thailtimate tensile strengtilUTS)
of theasprintedsample(~ 500 MPa) iscomparabldo the UTS of theasreceivedrolled
shipplate (~550 MPa) confirmingthe fabricatiorfeasibility of the ship platesusingwire
arc additive manfacturing However, theasprinted sample showed anisotropic

ductility in thehorizontal directior{with 35+ 2% of elongation)versus thevertical
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direction (with12 + 3% of elongation) ascompared to -35% of elongation for the rolled
shipplate in loth horizantal andverticaldirections.As a result o#ir-coolingheat
treatmentthe UTS ofthe WAAM sample slightlydropped by around 50 MRand the
anisotropy waslecreased from 23%ifference between the horizohtadvertical
directionsto a negligble amoun of 4% difference irthe elongationpercenage In
contrast, the UTS of thar-cooledrolled ship plate inea®d by nearly 85 MPa at the
expense of roughl8% reduction in the elongatio®n the other handhewater
guenchinghermal cycldancreased taUTS of therolled ship plateup t0885 *+ 17 MPa
and reduced the ductility by15% which is consistent whtthe resuls of microhardness
measurementsee Fig2.110). Interestingly, m the case of the&/AAM sanple, the
waterquenching heat treaemt ircreased the UT8f thecomponent up to 550MPa
and alsaconsiderably decreased theisotropy m ductility from 23% difference between
the hoizontal and vertical directiorts aninsignificantamount of2%. All results ofthe
mechanical testingncluding microhardnesmeasuementand tensile testingf both
rolled andWAAM ship plates before and after heaatiment are summarized ifable
2.13. Moreover,adetailed discussioanthe correlation betweenelobtained
mechanical properties anget micogructural characterists, before and after heat

treatmens, areincludedin the discussion section
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Figure2.1.11 StressStrain curves of the aceived rolled aniVAAM shipplates
before and after different heat treatmenes, air-coolingand water-quenching
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Table2.1.3 A summary of mechanical properties of the rolled WAM fabricated
ship plates before and after different heat treatments

. UTS Elqnga t | Microhard
Material (MPa) ion ness
(%) (HV)

As-Received(Horizontal) 548 + 14 351 170+ 1
As-Received(Vertical) 554 + 12 351 170+ 1
As-Received(AC) 635+ 12 27+ 1 216+ 2
As-Received(WQ) 885+ 17 20+1 2908 + 2
WAAM (Horizontal) 497 + 18 35+2 160+ 7
WAAM (Vertical) 504 + 21 12+3 160+ 7
WAAM (Horizontal AC) 447 + 11 34+1 145+ 1
WAAM (Vertical AC) 455 + 13 302 145+ 1
WAAM (Horizontal WQ) 551+ 16 3B=xl 201 £1
WAAM (Vertical WQ) 555+ 17 33+1 201 +1

2.1.5. DISCUSSION

2.15.1 Microstructural Chara cterizations

2.1.5.1.1 As-received rolled and WAAM fabricated shipbui Iding plates

According to Fgs. 2.12 and2.13b, the dominant microstructure tfe WAAM sample
(presented irthemelt pool centelss the same as the ferritearlitic microstuctureof
the asreceived rollegshipplate.However, an obvious microstrueal difference is the
banded morpHogy of the pearlite phase in the rolled phplate (kg. 2.12) versis the
even distribution othe pearlite phase at the grain boundariepaygonal ferrite in the
melt pool centers of th&/ AAM component (Fig2.1.3b). The banded strugte is the
typical micrastructure of EH36 steel produced by converional rolling proess, while
the EH36 steel fabricated usii@yICP contains an equiaxedapn structure which isa
moredesirable microstructa due to its better @ldahility, higher stength, toughness
and orrosion resistanc9]. Furthermore, higher magnification SEMage(Fig.
2.13c) takenfrom the melt pool boundaries of theprinted sampleevealedhat the
faster coolingate in the boundaries of each melt pool as compared to its,cestded
in the formation of some metable phasesuch as acicular fete (AF), bainite (B)

and localizedsmallmartensiteaustenite (MA) islandtha embrittle the melt pool
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boundaies. It is also previously report¢@di 101]that the pesence ofhe MA phasein

t he st e e Hekemratsstthe ductilityuandetoughness of the component by
debonding from theamatix andforming crackinitiation sites during tensile or impact
loadings. Thdormationmechanism and adversffects of MA fhases are
comprehensively discussed in previsuglies bytheauthorq7,8]. Moreover, accordig
to Fig. 2.13a, an obvious grain coarsening in the HAZ occurred as at iefshle thermal
effect of eah successive deposited bead on the prevrack It is notéle that these
microstructwal transitionsare inevitable in an additive manufactured ponentdue to
the complex thermal histories as a result of overlapping stgiines and thereby
variousheating and cooling rates in different zonasluding the nelt pool center, melt
pool boundary and e affected zongl02]. As shown in Fig.2.14, another
microstructural diferenceis therelatively highewolume fraction of pearlite phase in the
rolled shipplate(20.32 + 0.81%compared tahe WAAM sample(12.54 £ 0.566),

which is attributed to the higher carbon caarit of the rokdshipplate(0.14 wt.% C)
versus th&VAAM sample(0.08 wt.% C). Thehigher volume fraction of pearlite can
potentally lead to better mechanical propees, particularlyhardness and tensile stremgt

2.15.1.2 Heattreated rolled and WAA M fabricated sh ipbuilding
plates

2.1.5.1.2.1 Air-cooled rolled s hip plate

As shown in Fig2.1.7aandb, the microstructure of éhar-cooledrolled EH36 alloy
containgpolygonal ferrite ashe matrixin additionto mostlyslender MA islandanda
low volumefraction ofcoarse lamellar pearlite phas&egarding thedispersion of the
phasesboth theMA and pearlite phasesre distibuted pimarily at the grain boundaries
and scarcely inside tHerrite grains According totheequatios (2.11) and(2.12), the
Ac: andAcs tempergures of the EH36 allogre 715 °C and835 °C respectively. Hence,
during the heating cycl® theintercritical temperature o800 C, once passing ¢h
eutectoid transformation liné¢. = 715°C), the astenite grainstart tonucleatearnd

grow preferally from the pearlite regionontaining an eleated carborontent and
consequentlythe austenite pha®ecomesrich of carbor{103]. Subsequentlyduring the

cooling cyclethe small carbomich austenite gainsweresubjectedo the aircoding.
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Althoughtheair-cooling is notconsideed as afast cmling cycle, a low volume fraction
of tiny MA phases wre formel dueto thehigh carborcontentof the prmary austenite
grains Theoretically, twaomplementay factors including high coolingate and high
carboncontent lead to the mitiary-diffusionless phase transformation of austenite to
martensite. Inhe casef air-cooling cycle the carbon contenf the primaryaustenite
was high enough ttorm the MAphases eveat amoderate coolingate.It is important
to note that the formin of sme pealite regions confirm that the akcooling process
wasnot fasterough to transform althe primaryausteite phases tehe brittle MA

constituentand consequly some pearlite regions &been alsoformed

Fig. 2.112 depictsthe EDSelementamays of the alloying elements distributionside
and aroundhe MA phas.Fig. 2.112b confirms the higher carbon conte®f the MA
phaseascompared tots surroundhg areaThe higher carbon content thfe MA regions
thanthat ofthe polygonalferrite phaseis also reportedh previous studiefL04].
Moreover,the higher concetrationof ausenite stabilizer elementse., Ni and Mn, in
the MA phaseconfirmsthe presence of retained austenite inNfeislands (see Fig.
2.112d and e) The slightlyhigher concentrationf Si and Nbobservedn the MA phase
mappingis consistehwith other studies[105 107], suggestingthat the presence of thes
two ekements fcilitates the formationf MA phaseqseeFig. 2.1.12f and g)

Regarding the impact of the MA phase on the mechanicgigrties of various ferrau
alloys, he review of the existing literature reveals sonmnsistenciems the reportd
resuls. Somestudieg100,101]havestatecthat the formation ofhe MA phase
deteriorates the toughness of the componentewtiiess [106,108 110] have shownhat
thepresence athe MA phase leads tthe improedtoughness and ductility of the
material. Overallthereported variations in thA phasecharacteristicssuch as its
distribution, volume fractiorand morpholgy, dictaeits final impactonthe mechanical
propertiesof thealloy [99,111]
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Figure2.1.12 EDS elemental mappg aralysis of the MA micrecorstituent in a matrix
of the ferrite phase

2.1.5.1.2.2 Wate r-quenched rolled ship plate

In the case of wateguenching of the EH3lled ship plate(Fig. 2.17c andd), the
microstructure only contains Mphases ithe matrix of polygonal ferriteandno

pealite region has been fmed confirmingthat waterquenching was fast enough to
transform all thgrimaryaustenite phase tbehard anl brittle MA micro-constituentin
terms of the morphologyhe MA islands are faned nostly inablocky shapan the
waterquenched sample, sontrasto the slende shapeof MA islands in the aircooled
sampleHudaet al.[99] al0 ob®rved that the slender Meicro-constituents typically
form at the slower coalg ratessuch as aicooling, while the blocky morphology of the

MA phase mostly forns dueto higher cooling ratessuch as watequenchingHigher
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magnfication SEMmicrograghs of bothslender andblocky MA phass (Fig. 2.113aand
b) show that the MAslandsare composed of two eexisting phasesncluding
martensite (bright) and retainadgenite(dark). Formation of negligible but different
volume fiactions of retaiad austenitein the MA phaséas beerreportedin different
studies[99,112,113]

Quantitativey, thevolume fraction othe reained austenitecalculatedrom the Xxray
spectrausing WPF methodsee Fig.2.19), in theair-cooledsamplewas ~5.4%, which
is higherthan hat of the waterquenched sample-2.2%). It has been reportedhat an
increae in the cooling ratieads to theformation of alower volumefraction ofretained
auwstenitedue tothevariatiors in the Ms (martensite staréind M (martensite firsh)
tempeatures arising from slowercarbonmigration andliffusionrates[114,115] It is
worth mentioning thathe retained austenite is a primary crack itidiaandpropagaion
site since impurities and incliess prefer to gdaer around thaustenite pase116].
Moreover,the dislocation density in thretainedaustenites much lower asompared to
other phasesuch as ferrite, pearlitand martensitg99]. Therefore, the relative volume
fraction of austenite and martensite inside the MA phases could plyepiag an

important role in the resultant mechanical progsuf thealloy.
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Figure 2.1.13 High magnification SEM microgra@of the (a) slendeMA and (b)
blocky MA phasesshowingthe co-existence of both artensite (bright) and
retainedaustenite (dark) phases inside kA islands
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2.1.5.1.2.3 Air-cooled WAAM fabricated shipbuilding plate

As depictedn Fig. 2.18aandb, the resultant microstructuedterair-cooling heat
treatment of th&VAAM shipplatewas auniform ferritic-pearlitic microstructure in
which thepearlitephaseis formed almg the grainboundariesand triple junction®f the
polygonal ferritegrains It is notable that no mettable phasesuchasmartensite,
acicular ferriteor MA phasesvereformed in the case of agooling of ER70S alloyvith
a carba content d 0.08 wt. %. Neithe the rapid cooling nor the high carbon content
requirementvasaddressedth this treatmentcausinghe phase transformatiotsfollow
theequilibriumbinary phase diagram of FeC. Therefore primaryaustenite grains
which ae formed at he intercritcal temperature (800 °Cgxperienced a eutectoid
transformation duringhe cooling cycle andransformednto thelamellar pearlitevith an
even distributiorthroughoutthe componentConsequentlytheair-cooling heat treament
of the WAAM ship platenat only developeda homogenized microstructyiaut also
eliminated the formation of brittlemelt poolboundaries and theoft heat affected zones.
Formation of a more uniform and homogengtan structurafterair-cooling heat
treatmat of Grade X70 pipkne steel (withaclose chemical composition to ER70%&)s
beenalsoreported byNatividadet al [117]. It is interesting to note th&bmogeneityand
uniformity of micrastructue resulted fomthe aircooling heat treatmeman potentially
eliminate ordiminishthe anisotropy itheductility of theWAAM sample

2.1.5.1.2.4 Water -quenched WAAM fabricated shipbuilding plate

According to Fig2.18c andd, watr-quencling heat teatment ofhe WAAM sample
resultedn a microstructure including polygonal ferrite along with intergranular pearlite
besideacicular ferriteconstituentsin terms otthe phaselistribution, the acicular ferrite
nucleated alonthe gran boundaiesof pdygonal ferrie andscantly grew througthe
grains(see Fig2.18d). During waterquenching othe WAAM shipplate, although the
sample experienced a fast cooling, the carbon content of the ER70S d@iwi((%
compared to 0.14 we for EH36alloy) was notsufficientto form amartensitic
microstructureln addition, the lower content of Ni (as&ongaustenite stabilizing
element) and the higher content of Mo and Si (both as ferrite stabiierne)retardethe

austenitization bthe alloy ultimately leadingto a lowervolume fraction of austenite
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possessing lower carbon content in ER70S sample at 8085 Compared to that of the
EH36 alloy.Thus, theggrimaryaustenite graingn ER70S alloytransformednto pearlite
and acicler ferrite during the cooling g/cle. It is worth noting thathe formation of
acicular ferrite needshigher cooling rate@scompared to pearlif@nd the water
guenchinghasprovideda sufficiently highcooling rateadequatdor the formation of
acicula ferrite in addition to thepealite phase Yangetal. [118] alsostudied the heat
treatment of API X70 steel by heatingaointercritical temperature (betweéac: and
Ac) and reported the formation of acicular ferrite beside peasii resiti of water
guenching heat tratment.Regarding theformation mechnsm, the acicular ferrite
formation starts with thaucleationof its primary plategrom thenon-metallic inclusios
or grain boundarieBy a shear transformation withoahychange of caopositons and
thenat the nekstage growsyestablishing a seod generation of ferrite plates
nucleated at the interface of austenite andepisting acicular ferrite plaggd119]. The
presence of acidar ferrite in the microstreture can increase the hardness stnehgth
andalsoreduce the stressorrosioncracking and hydrogemducedcracking
susceptibility of thematerial[120,121] It has beemlsoreported122,123]that acicular
ferriteis identified as the optimum microonsttuent in stels, whichcanprovidea
supreme combination atrength and ductility due to its fine grain size, haigle
boundariesand comparatively high dislocations density hindering the easy movement of
dislocations. Therebyheformation ofanadeguate volumdraction ofacicular errite in
themicrostructire can result ilalanced properties suitable for service condittbas

require high strength and high ductility simultaneously.

The impact of existing compositional variatedretweerEH36 and ER70S allgs on the
martensite strt (Ms) and finish(M¢) temperatures should not beerlooked The higher
content of carbon and other austenite stabilizing elememtbli, and the lower content

of ferrite stabilizersi.e. Mo and Si, in EH3@lloy reduce both Mand M temperatures of
the alloy, rendering delayed transformation of austenite to martensite. However, the
formation of martensite islands in the form of MA phase was only detected in the EH36
alloy, suggestinghat the M and M temperatires of the Boys arenot the dominang

factois that ontrol the formation of the martensite phase. But rather, the higher content
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of C and Ni in EH36 alloy has retarded the eutectoid transformation reaction (the
formation of garlite and bainite;ausng the improed hardenalty of the EH36 alloy

resulted fron shifting the nose ats CCT diagram to longer times

2.15.2 Mechanical properties

2.15.2.1 As-receivedrolled and WAAM fabricated shipbuilding plates

A comparison between the micirldnes values of ta asreceved rolledshipplate
(EH36) and te WAAM part(ER70S) revealedslightly higher hardnessf therolled
componentsee Fig2.110). Themeasured- 10 HV difference baveen theaverage
microhardness valuesn beascribed to th@igher carbon aatent of the av material
usal for the rolledship plate(EH36), leading taits higher pearlite volumé&actionas
previously describedith reference td-ig. 2.14. Moreover,themicrohardness data of
theWAAM sampleshoweda large standardeviation (7 HV) due to its micostructural
variation from he melt pool center twardsmelt pool boundaries artdAZ. The nelt
pool center with a fine ferritipearlitic microstructure posssesithe microhardness of
160+ 2 HV, while theHAZ with coarsegrainsrevealel aslightly redued
microhardnes of 150+ 1 HV, and themelt poolboundaries containinigrittle MA phases

showed a microhardness of4F 2 HV.

As shown in Fig2.111aand b, the ultimate tensile strength of dsgeceived rolled
sampleboth in horizantal and vertical diretions was 550 MPg andthe WAAM ship
plateshowed a UTS value of 500 MPa in botthorizontal and verticalirectiors. The
higher strengtlof the &-received rolledghipplate also confirms that the higher volume
fraction o pearlie intherolled shipplatehasresuted in impoving the mechanical
propertiesi.e., microhardness and tensile strengthereforethe insignificant difference
in theUTS oftwo componentss associated with the richer carbon content efrdw
materialused for the rolledanple (EH36) asomparedo the WAAM feedstock
material (ER70S), and shoutdt be correlatedo the manufacturing procesBifferently,
themeasurd ductilitiesrevealed a more significant difference betweerrdtied ship
platewith ~ 35 % of elongatiom bothvertical and hoizontaldirectionsandthe WAAM

componentwhichwas more ductile ithe horizontal direction (3% 2 % of elongation)
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thanthevertical direction {2 £ 3% of elongation)confirming theanisotrgic behaviorin

ductility as a resulof additive nanufactunng process

A comparison between the engineering ststssn curvegFig. 2.111aand b)reveaed
that tensile properties of tMe@AAM component irthe horizontal directiormeetthe
mechanicaproperties requirements of the agceved conventionldy rolledshipplate.
However the detected anisotropic response in ductility of the WAAM fabricated sample
needs to be addressed prior to its implementation in sehege ar¢hree mairfactors
that potenally contributeto the decresedductility of the WAAM sample inthevertical
direction i.e,, (i) the presence of discontinuitiesich as interpass lack of fusidin)
grain coarsening in the heat affected zamel(iii ) theformation of britle MA phasesn
the regions adjacent themelt poolboundries which all arecomprehensively
discussed im previousstudyby the author§7]. Among theséactors,factors {i) and (ii)
correspondo themicrostructural inhomogeneiiy the asprinted samplewhichcan be
plausibly modified through adopting appropriatat treatment cycle$herefore, it is
essentiato identify the optimum cya that carpotentially improve the mdwnical
properties of he WAAM shipplate,to reach or ewesurpass the propertie$ the

conventionally manufactureship plate.

2.1.5.2.2 Heattreated rolled and WAAM fabricated shipbuilding
plates

2.1.5.2.2.1 Air-cooled ro lled ship plate

According tothe results omicrohadness measurements (F&y1.10), the aircooling
heat treatment slightly increased the microhardness of ftecawed rolled ship plate
from 170 £ 1HV to 216+ 2 HV due to the formation dfny and slendr brittle MA
phase. Althoughthe MA constiuert is identified as a super hard ph§t24,125] its
presence didat significanty affect the microhardness of the component due to its
slender morphology and much lower volume fraction compart#tefmolygonal ferrite
as the matrix phase. The strasaincurves of the aseceived and hedreated rolled
ship plats (Fig. 2.111a) showed a moderateaisein the UTS of thaiir-cooledrolled
ship plate from~ 550 MPa to~ 635 MPaalong with8% reduction in the ductilitywhich
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is in agreementvith the results of microstructuraharacterizatinsand microhardness

measuremest

2.1.5.2.2.2 Water -quenched ship plate

According to Fig2.110, the microhardness of the rollstip platewasboostedrom 170
+ 1 HV to 298+ 2 HV asaresult of waterguenchingheat treatmenfThis drastic increase
in microhardnessan be attributto the micostructural changes due the appliedapid
cooling from the austenitizing temperat80 °C)to room temperaturéds previously
described, watequenching heat treatmeled to the formationof hard and bttle blocky
MA phass with a higherolume fraction compared to the slender MA phasesried in
the aircooled sampleAs shown in Fig2.111a, althoughthe formation oblocky MA
phasesncreased the UTS of tiveaterquenched sampkom ~ 550 MPaup to~ 880
MPa,this processiramatically redcedthe elongdion percentage of the component from
~ 35% to~ 20%. Sincetheductility is of great importanca the marine applications
particularlyin arctic and suarctic regionsthis heat tratmentcycleis not recomrended
for the ship plates) order b avoid hrittle catastrophic failuie On the other hand,
comparing the ductility of thevaterquenched (2& 1%) and aircooled (27 + %) rolled
shipplates revealethat the higher volume fréion of the MA phase in adition to its
blocky morpholog in the waterquenched sample led to a lower ductilithas been
alsoreported126,127]thattheblocky MA phase requisdess errgyfor crack initiation
ascompared to the slendBtA phase It should be alsooted thattheaveragegrain size
of thewaterquenched sample- 4 um) wasfiner than that otheair-cooled one (4.1
pm), confirmingthatthe presence dhelargeand bloky MA phase is much more
detrimentako the mechanical propertias comparetb the side effecof thecoarse

grains in tke microstructure ofraalloy.

2.1.5.2.2.3 Air-cooled WAAM fa bricated shipbuil ding plate

The resultof microhardness meaements on theWAAM shipplate before iad after air
coding heat treatment (Fig@.110) showedaslightdrop ¢ 15HV) in the microhardness
valuefrom 160+ 7 HV to 145+ 1 HV. Interestingly, hestandard dewation of the
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microhardness dateasalsodecreseddueto the homayenous microstructumdeveloped
throughouthe component. As previousixplained the asprinted ship plate had a large
variationin themicrohardness valgdrom ~ 150 HV b ~ 175 HV as aresult of its
microstructural inhomogeneity.ndther deterorativeconsequence of microstructural
inhomogeneity of the ggrinted component was tlietectedanisotropic ductility.
According to Fig2.111b, theair-cooling heat treatmentas found toabatethe
anisotropic ductilityof theWAAM ship pkte, causingthereductbn of the elongation
difference between the vertical and horizontal directions of tipeiated sample from
23% to a negligible amount of 4%. Teéore, thesmall variaton in themicrohardness
values and the isotropic ductility aheair-cooledWAAM componentcan beassociated
with its homogenous ferritipearlitic microstructure in which the brittheelt pool
boundaries (including MA phase) and the soft HAZ (includiagrse grains)dve been
entirely eliminatedHowever, the UT®f the sample habeerreduced from 500 MPa
to ~450 MPaafterair-cooling heat treatmentonsistent wittlthe results of
microharchess measuremes(t- 15 HV drop). It can be concluded thaten by applying
theair-cooling cycle theWAAM ship plate camot meet the medmicalproperties
requiremenbf theasreceivedrolled ship plate due to 200 MPa difference in theUTS

values

2.1.5.2.2.4 Water -quenched WAAM fabricated shipbuilding plate

In contrasto the aircooling thermal cyclewaterquencling heat treatmetfairly
increased the microhardness from #6DHV to 201+ 1 HV, resuledfrom the
formation of acicular ferriteAccordingly, the UTS of th&VAAM components
moderatelyenhanced from -500MPa to ~550 MPadue to thdormationof thesharp
acicular ferite gpart fromintergranular pearliten the matrix of polygonal ferritélhe
waterquenching cycle not only increased the microhardness and UTS\WAAM
sample but also dmatically improed the ductility of the vertical sample and
considerably minimzed the anisotropic ductility of th&WAAM componentlt is well-
known thattheacicular ferrite isanexceptionaphasecapable of increasing bothe

strength and ductility ahe component siultaneouslyj122]. Therefore the water
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guenchedVAAM sample cameachthe mechanical pperties of the aseceived rolled

ship plate in terms of strgth, ductility, and harahess

Overall thecomprehensivanalysis of the microstructural features and mechanical
properties achieved by different heat treatment cycles on both rolleyAA§1 ship
plates revea&d that the conventional fabrication proc@s#iing) of theship phtescan be
well replacedvy thestateof-the-art wire arc additive manufacturing procdsiowed by
applying thepostprinting heat treatment cycle of austenitizingtte inercritical

temperaturef 800 °Cand therwaterquenching to theroom tenperatue.

2.1.6. CONCLUSION S

In this study, the fabrication feasibility ofow-carbonlow-alloy steel (EH36%hip plates
throughthe emergingwire arc additive manufacturin§VAAM ) method was

investicated Microstructural characteriss@and nechanical properties of the
conventionally rollecand WAAM fabricatedship plates were compared before and after
applyingdifferentheat treatmentycles The following conclusions can be drafvom

this study

1. Both rolled andVAAM ship plates containeddominart ferritic-pearlitic
microstructure. Howevethe rolled samplshowed a banded mdrplogy of pearlite
phase while the WAAM fabricated ship plate contained intergranular peariite
melt pool centersmetastable micreconstitutes, such as bamiacicular ferrie, and
localized tiny martensitaustenite phases in the melt pool boundaries, and a coarse

grain structure in the heat affected zones (HAZ).

2. The formation of metatable micreconstitutes alonghe melt pool boundaries was
found to locdly increase the hdnessand brittleness of the alloyhereaghe grain
coarsening in thelAZ resulted ima slightlocalized softeningSuchinhomogeneous

microstructure led to an anisotropicatlity in the WAAM ship plate.

3. The rolled ship plate showechigher microharchess (Z0+ 1 HV) and UTS ¢ 550
MPa) compared to th& AAM sample withtheaverage hardness of 160 HV and
UTS of ~ 500 MPa.The slight higher mechanical properties of théetbship plateas
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compared to those in the-pented samp were attributed o its ticher carbon content
(0.4 wt.% in EH36 versu$.08 wt.% in ER70S)

4. As a result oapplying eitheir-cooling or waterquenching heat treatments on the
austenitizedolled sampls, hardand brittle martensitaustenite (MA) phaswere
formedin amatrix of polygonal ferrite TheformedMA phases were mostly slender
and elongated in the aooled samplewhile the waterquenched sample contained
mostly blocky MA constitents.The formaion of the MA phases in the
microstructurencrea®d the hardess andJTS of both aircooled and wr-
guenched rolled ship platddowever, the brittle nature of this phase redubed
ductility of the componenry ~ 8% and ~15%, respectely.

5. Althoughapplying theair-cooling heat treatment dhe WAAM sample
homogenize the microstructuresliminated the formation of brittle fusion boundaries
and coarse heat affected zoresdminimized the anisotropic ductilityt slightly
decreasethe microhardnesand UTS by 45 HV and ~50 MPa, respeately.

6. Thewaterquenchingheat treatment on th& AAM ship plate formed an ideal
microstructureincluding acicular ferrite and intergranular pearlite in a matrix of
polygonal ferrite leading taa great combinatio of strength and ductilitin the
fabricaed martdue to(i) increasng the ductility of theVAAM ship plate irthe
vertical direction by 22%, (ii) nearly eliminatinghe anisotropic ductility, angii)
improving the UTS by- 50 MPa.This WAAM fabricated product with improved

properties is idddor replacing comentiorally manufactured ship plates
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2.2.1. ABSTRACT

Wire arc additive manufacturing (WAAM) is known to induce a considerable
microdructuralinhomogeneity and anisotropy in mechanical propgriiiich can
patentially be minimized by adopting apreate pod-printing heat treatment. In this
paper, the effects of two heat treatment cycles, including hardening and normalizing on
the mcrostructire and mechanical properties of a WAAM fabricated-arbon low
alloy steel (ER70%) are studied. The nmastrudure in the melt pools of the gwinted
sample was found to contain a low volume fraction of lamellar pearlite formedtal®ng
gran boundaies of polygonal ferrite as the predominant micoostituents. Thgrain
coarsening in the heat affectemhe (HAZ) was also detected at the periphery of each
melt pool boundary, leading to a noticeable microstructural inhomogeneity asth
fabricatedsample. In order to modify the nonuniformity of theerastructurea
normalizing treatment was employedaimmotea homogenous microstructure with
uniform grain size throughout the melt pools and HAZs. Differently, the hardening
treatmentontributed tathe formation of two nomequilibrium micreconstituets, i.e.,
acicuar ferrite and bainite, primarily adjant tothelamellar pearlite phase. The results
of microhardness testing revealed that the normalizing treatment slightly det¢heases
microhardnes of the sample; however, the formation of +@guilibrium phases ding

hardening process significantly neasedhe microhardness of the component. Tensile
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testing of the aprinted part in the building and deposition directions reveated
anisotropicductility. Although normalizing treatment did not ¢obute to thetensile
strength improvement of the cooent,it suppressed the observed anisotropy in
ductility. On the contrary, the hardening treatment raised the tensile strendtiritoat

intensfied the anisotropic behaviour of the component

2.2.2. | NTRODUCTION

Wire arc additivemanufacturing (WAAM) is anovel tetindogy capable of producing
metallic components utilizing an arc welding process to additively fabricate engineering
parts [128], with various applicatios such asnpellerblades [129], bridge structures

[130], shipbuildingplates [131], andwing ribs in the aerospace indus{32]. Different

from the netal powdeibase additive manufacturing processes;tsas diectmetal laser
sintering (DMLS) and selective laser melting (SLM), wire arc additive manufacturing
uses a consumable metalvire as the feedstock materigi4]. In WAAM, the entire
consumablawire is continuously fed into an adopted electric arc or plasma, leading to an
extremely high deposition rate as comparethé&d d the powderbased AM system$].
Therdore, wire-based systems are generally suitable for produanggscale

components with less complexity in geometmd deggn, in contrast to the powddred
systems, which typically fabricate small and hagfinition part72]. From another
perspetive, powdetbed additivemanufacturing techniquesealimitedto a build

envelope, but in wirdased systems, the torch is usually mounted on a robotic arm
having more freedom of movemeimgyingthatt he component 6s si ze i

by a chamber.

During wire arcadditive manufacturing process, tleedflstocknatrial is melted and
deposited in the form of weld beads layer by layer on the previously solidified tracks. As
the conseative layers fuse into the previous ones, the material is built tipthe near
netshape component is comple{d@]. Since the proas is involved with sequential
meltingand soldification, each region of the component is subjected to periodic fast
heating and cooling cycles by the deposition of ujggrs Such compledocalized

thermal cycles lead to heterogenemisrostructure ad anisotropic mechanical
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propertiesm the AMfabricated componen{d28,133,134] Thisis one of the main
drawbacks of the WAM techniqueas compared to the conventional methods of
manufacturing. Sridharaet al.[135] studied the microstructure and mechanical
properties of lowcarbon lowalloy steel (ER70S) built through additive noidexctuing
and reported anisotropic elonige percentage in differéwlirections. Tley concluded
that the anisotropy in nabanicalproperties is related to the inhomogeneous and
localized microstructurgl35]. Hadenet al.[136] also investigated wire arc additive
manufactuing of 304 stainles steel and repted graded wear and hardness propsiith
both deposition and building directions. Their findings showed that this anisotropy is due
to the fluctuation in localized thaal higories, consequently leading to the forroatof
a variety ofmicrostructuresfrom austenitic to solidification sictures aning mixed
ferrite morphology with abrupt texture changes at different regions of the sgr8f]e

In addition to the microstructuralhomogendy, the formation of internal defects

between the deposited layers as a result of high heat removal capacity from thagsster
regions may deteriorate the mechanical propedfdbe additiely manufactured
component$8,74,135137]. The interpass defects being formed in the fusion boundaries
commonly include entrapped gas, porosities, and labtksadn[138,139] The presnce

of the mentioned discontinuiti@sting asa stress risr in the structure can potentially
make crack initiation sites leading to premature brittle fracture undgotewhich has

beenextensively investigated i previousa u t hpoblicaton[137].

Interestingly, the heterogeneous microstructure arsb@opgc mechanical properties in

a WAAM fabricated part can be mmized by applyig a tailored posprinting heat

treatrment cycle [131]. For instance, Wanet al.[59] studied the effect of het treatment

on the anisotropic mechanical properties of a WAAM fabricated H13 steel. They reported
that thehomogeneous microstructure achieved by annealing heat treédtnéur hours

at 830 °C led to diminishing the aatsopic mechanical propertiesfahe part.Xu et al.

[140] also successfully minimized theerostrudural inhomogeneity of a wire arc

additive manufactured maraging steel part by perforraipgstprocess hedteatment

i.e., soluionizing and aging, which resulted arsignificantimprovememin mechanical
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propetiesof the WAAM fabricatedccompmnent.Although applying a podibrication
heat treatmerttas been previously reported by different stufp8s140,141]to the best
of thea u t hkoowledje, reattreatment of WAAM ER70% hasnot beennvestigated
heretoforeexcept forone ofthe authasdprevious studiegl31], in whichthe impacts of
a different heat treatmenycle (intercritical austenitizing temperatureh the WAAM

ER70S-6 microstructure and mechanical propertseinvestigated

In this study, with the aim of homogenizing the microstureand diminishing the
induced anisotnay in an agprinted WAAM-ER70S6 low-carba low-alloy steel part,

two heat treanent cyces,including normalizing (austenitizing followed by stlir

cooling) and hardening (austenitizing followed by water ghewg fromanupper

critical austenitizing temperaturerere conducta on the agprinted samples.
Microstructural and mecinécal prgoetties characterizations were carried out on both as
printed and hedreated samples in different orientations, includiegosiion

(horizontal) and building (vertical) directions

2.2.3. EXPERIMEN TAL PROCEDURE
2.23 1 Material, Fabrication Process, and Post -Fabrication Heat
Treatment

In the present study, a wall of lesarbon lowalloy steel (ER70%) was fabricated using

the wre arcadditive manufacturing method utilizing a Lincoln Electric GMAachine

with atorch mounted on a-&xis Fanuc roboas the pwer source. To minimize the heat
input of the WAAM process and be able to adjust the heat independent of the wire feed
speeqd an adanced arrent controlled surface tension transfer (STT) psecevas
employedfor fabrication. Utilizing the STT eafurthercortribute to reducing the surface
irregularities and spattering during the building prodéd2]. In orde to smoothly feed

the wire to the melt pool, the stanff distance was heldonstant at 3 mm between the

tip of the filler wire and the surface of the previous layer. Figi2l schematically
represents the sep of the WAAM process.
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Table2.21 showsthenominal chemical composition of tHeR70S6 feedstoclsdid

wire with 0.9 mm diametemanufactured by Lincol&lectric The selectedVAAM

process parameteygelding theoptimumbeadquality and appearance with minimum
spatteringarelisted in Table2.22. ASTM A36 mild steel with a thickness of 12 mm was
usedas the substratevhich was attentively wire brushedd then leaned by acetone to
prevent contamination of the melt pools and the formation of gas parieg the
solidification process. The whopart @ntained 50 consecutive layers, and each layer
wascomprised of st beads with a length of 135 mm and enm cengr-to-center

overlap, resulting in a wall with a total width of 22 mm and a height of 150 mm.
Employing aThermaScientific Lindbergurnace, wo heat treatment cycles were applied
to the agprinted componenincluding (i) normalizing (austenting followedby still-air
cooling), and (ii) hardening (austenitizing followed by water quenching). For initial
austenitizing in both cycles, tlsample were heated up to 900 °C for 1 hour. The
purposeof the normaling process was to homogenize thenmstucture by producing a
uniform grain size along the melt pools, fusion boundaries, and heat affected zones. The
intention of the hardening hie@eament was also to increase the hardness and tensile

Scanning Strategy /

4t//1‘

3,//
=

strength of theomponent

uilding Direction

Figure2.2.1 (a) Threedimensimal optical micrograph ofhe asreceived
conventionally rolled EH36 shijuilding steel (b) SEM micrograp from the side
view of the rolled sip plate and (c) hiper magnification of the enclosed area in

(b).
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Tabde2.2.1 The rominal chemical compositioof the ER70S65 feedstock wie (wt.
%).

C Mn Si S P Cr Ni Mo V Cu Fe

0.06| 1.40| 0.80 0.04| 0.3 0.15 0.15 0.15 0.03 0.5 Bal
0.15 1.85 1.15 max max max max max max max '

Table2.2.2 The processing parametersed br the wire ac additive manufacturing of
thelow-carbon lowalloy steel (ER70%).

Average Arc Wire Scanni Argon Heat
Arc Voltage Feeding ng Rate Flow Input
Current Rate Rate
135 A 28V 104 mm/s 5mm/s| 20L/min | 7.56 kd/cm
2.23.2 Microstructural Chara cterization

To prepare the samples forarostructural characterizations, a Tegraf8h Struersautc
grinder/polisher was employed, then the sasplereetched chemically using a 5lvéo
Nital reagent fo 1520 s[143]. The microstructure of the fabricated component was
characterizedtalifferent regions from the bottoro the top of the walio detect any
microstructural changes thrdugutthe whole partTo perform the microstruatd
characterization at different magfoations, an optical microscope (Nikon Eclipse 50i)

and a field enissionscanning electron microscoffeEl MLA 650F) were mployed

2.2.3.3 Mechanical Properties  Evalu ation

Microhardnes distribution was measuraadplotted along a line covering five
sucessive layers through the building (vertical) direction oredffit ones including the
center of he melt pools, fusioboundaries, and heat affected zones (HA4Shg a
Buehler Micomet hardness test machinih the applied load of 300 g and an
indentation time of 45 s. It should be noted that the reportedofiatécrohardness are
the average ofife different measuraents. The indentations were done on thespedi
and etched staces in order to distinguighe position of each indentation relatito the

melt pool 6s geometry. Mwereeponduced by sulnseqoento h ar d n
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indentatons with 300 um intesals (approximately five times more than thagonal of

each imlent) to avoid the work haeding effect.

Tensile test specimens fraime asprinted and heatreated samples were machined
paralleland pependicular to the building dictions based on t#STM E8m-04

standard suisize specimefil44] with dimensions of 100 mm 25 mm x 5 mmThe

room temperature uniatigensile tests wercarried out using an Instrload frame

equipped with an extensometertize crosshead speed of 8 mm/min. Each tensile test was

repated five times under the same coialits to obtain a redible average value

2.2.4. RESULTS AND DISCUSSIO N
2.2.41 Microstructu ral Characterization

Figure2.22a illustrates a low magnification OM micrograph of thgeoasted sample
showing the transition from the center of thelt pool to the melt pool boundagmd

then the heat affected zone. The dominamtastructure in theenter of the melt pool
congsts of a low volume fraction of lamellar pearlite (P) primarily formed at the grain
boundaries of polygonal ferrite (PHigure2.22b). Figure2.22c depictshie SEM
micrograph taken from the melt pool bwlary region (denotkas the fusion boundary
shown in Figure2.22a) at higher magnification, revealing the formation of acicular
ferrite (AF) and bainite (B) due to the faster coglmtealong the boundaries each
deposited bead as compared to itsteerThe aforementiged transition in the
microgructureduring 3D-printing of ER70S wire is also reported by Haselhahal.
[145]. In another investigation, Lext al.[146] also studied the microstructure of the
welded lowcarbonlow-alloy AH36 steel andimilarly reported the formation of acicular

ferrite and bainite rer the fusion line.

It is well established that the presence of acicular ferritebemnite constituents in the
microstructure of steels can promote the mecla@pioperties of the compant. Thisis
primarily resulted from the finestructure of both Ipases, a more uniform didiuton of
carbide and higher dislocation density ane@rnél stresses in the bainite phase,
contributing to a higher hardness/strengptial dutility in the alloy[118,147,148
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However, it should be noted that since the volume fraction of aciculaefarm bainite
constituents are negligible as compared to the dominant ferritipesarlitic
microstructure of the alloy, thegsence of @cularferrite and bainite cannotkiea
significant contribution to the mechanical properties of the WABRI70S smple. On
the other hand, according to Fig@&22a, the microstructure of the HAGONsists of
coarser grains of polygonal fegiin comparisonvith the interior of the meltqol, as the
thermal cycle associated with each depositing track facilitates thegyawth in the
previous bead. The grain coarsening in the HAZ can potentaitl/to a remarkable
softening in this are@pnsequently rasting in a reduced localizedrstgth and hardness
in a sample that accommodates this redi@®]. The formation of such microstructural
inhomogeneity from the center of the melt pool to its boundaries and to HARilsuatd
to the overlapping scanning strateapgociated witlthe multi-layer deposition naterd
the WAAM process. Consequently, this process evokes various thermal cycles in

different regions of the samp&50].

Figure2.2.2 (a) Low magnification optial micrograph of the aprinted sample, (b
higher magnification SEM micrograph of the melt pool center, and (c) fusion
boundary (PFpolygonal ferrite, P: lamellar pearlite; Bainite, AF: atcular ferrite)
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