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ABSTRACT

A STUDY ON THE WIRE ARC ADDITIVE MANUFACTURING OF
DUPLEX STAINLESS STEEL PLATES: OPTIMIZATION OF PROCESS
PARAMETERS AND INVESTIGATION OF MECHANICAL PROPERTIES

SAADAWI, HASSAN
PhD in Modeling and Design of Engineering Systems (MODES)
Supervisor: Assc. Prof. Dr. ErkarKonca
Co-SupervisorAsst.ProfDr K ©z eém Tur
January 2022140 pages

In recent years, additive manufacturing (AM) for metals, whihised to create
products using layeby-layer deposition of materials, has been a subject of interest as
a means of enimging the efficiency of manufacturing processes in various industries.
In this thesis, super duplex stainless steel parts have Wweenarc additively
manufactureqWAAM) using thecold metal transfer welding techniqd@ obtain the
optimum combinatiorof additive manufactimg parameters (voltage, current and
speed) that yieklthe desired bead quality, response surface method has been used to
build statistical models based aamericalsimulation ofadditive welding process.
COMSOL Multiphysics 5.5 stfvare has been used to perform the experimental
instead of real processd ExpertDesign software was used to obtain the statistical
models.The optimal values of the controlled variables weraend as200 amperes and

15 volts for current and voltagand 10 mm/sfor welding speedThen, the fracture
toughness tests using the single edge notched tension (SENT) specimens were
implemented at subzero temperature. Fracture toughness data has been used to
establish cracigrowth resistance curves for bothsreceived rolled plateand
additively manufactured parts and compare the results basedntagrhl (energy
release rate). Theidtegral value at the initiation of stable crack growth (Ji) of SDSS
Grade 2507asreceived platespecimens is approximatelyy% higher than the i{J

value of WA A M @D&S Grade 2209 and 31% higher than thev@lue ofWA A M6 d
SDSS Grade 2509

Keywords: Additive Manufacturing, Super Duplex Stainless Steel, Cold Metal
Transfer WeldingResponse Surface Mettho
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TEL ARK EKLKEWARLLAKT Y¥NTEMKYLE DUBLEKS PASI
¢CELKK PLAKA ! RETKMKNDE PROSES PARAMETF
OPTKMKZASYONU VE PLAKA MEKANKK ¥ZELLKI

KNCELENMESK

SAADAWI, HASSAN

Doktor a, M¢hendi sli k Sistemlerinin Mode
Tez YP©° rDeot-i.Ekas. Konca
Ortak TezDN°n¥jKOi&gmsiTur

Ocak 2022140 sayfa
Son yeéellarda, mal zemel erin kat man kat man
I -1n kul l anél an ekl emel i I mal at ( EK) ,
verimlilijini artérmanén bir yolu ol arak
pasl anmaz -elik plaka par-alar sojuk met
ark ekl emelii i mal at ( WAAM) il e el de edi
ekleme | i cretim parametrelerinin (voltaj, a
etmek i -1in, ekl emel i kaynak i kleminin n
model | er ol ukturmak ¢zere yanet yézeyi

-al ekxkmakM3Qler IulCtOi physics 5.5 yazél émé v

et mek i -DensiBxnp eyratzéel eme kul |l anéel mékxtér. K
ve gerilim i-in optimum dejerler séraseéy
10 mm/sn olarak bulunmk t ur . Daha sonr a, seféer alte
-ekme (SENT) numunel er i kull anél arak keér
Kérélma tokluju verileri, hem haddel enmi |
pl aka par a&l ad eird ieme- @t Ir e n ciintegaljne (enkerg r i o |
sal ém heéezeé) dayal é sonu-1|laré karkeéel akt él
haddel enmi Kk plaka numunel er i i -dintegrat ar ar |

dej er i (Ji ), d&WVARRIODSGNn G(ai ) dejerinden
SDSS Grade 2509"un (Ji) dejerinden ise %.
Anahtar Kelimeler: Ek |1 emel i Kmal at, S¢per Dubl eks

Transfer Kaynajeée, Tepki Y¢zey YO
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CHAPTER 1

INTRODUCTION

1.1Background

Competition in the manufacturing industry is very harsh and in order to obtain
competitive advantages the companies must continuously work on product
development. Meanwhile, the companies should also followd¢lrelopments ithe
manufacturing technologythis is because there is a symbiosis between technology
and product development, and it is only if both are concurrently enhanced then
successful products can be accomplished with optimal leadXime

In recent years, additive manufacturing (AM) for metals has been a subject of great
interest as a means of enhancing the efficiency of manufacturing processes in various
industries, such as aircraft, military, automotive, oil, med[@al3]. AM is the
formalized term for what was originally called as rapid prototyping or 3D printing, and
today it is commonly used to create products using {aydayer deposition of
materials. Metal AM process can be broadly classifal two groups, Powder Bed
Fusion Additive Manufacturing (PBF) and Directed Energy Deposition Additive
Manufacturing (DED). In PBF AM, material in powder shape is fused in layers by a
heat source. In the DED AM, the products are produced by addingahatéhie shape

of powder, wire or sheets in layers and fused with a heat sfrée

Among various AM processes, wire arc additive manufacturing (WAAM) deposits a
metal wire using an arc heat source. In the WAAMcpss, a traditional welding
machine may be used as a heat source that decreases the initial investment costs
compared tahe laser and electron beam heat sources. In addition, the cost of raw
materials of the wire type is roughly 10 per cent of the cbsaw materials of the
powder type. The WAAM process therefore produces a high deposition rate at a low
cost, making it a highly favored process for the manufacturing of large components
using expensive materidl3, 5].

Today, WAAM has become a popular manufacturing tool for various engineering

materials such as titanium, aluminum, nickel alloys andsst€empared ttraditional



subtractivemanufacturing, WAAM technology can reduce fabrication time and post
machining time depending on the component Eizé].

More recently, there has been an increasing interest in applying AM to super duplex
stainless steels (SDSS) due to the greater demand for SDSSs in the offshore
applications. Since SDSSs have excellent mechanical properties and corrosion
resistance, they arsuitable for use in harsh corrosive environments containing
chlorides such as seawaf@; 8]. It is well known that an adequate percentage of
austenite (92) and ferr i tuplex (sthinless pstlsa s e s [
microstructure plays a key role in the final properties needed. The ferrite phase offers
strength and corrosion resistance while the austenite phase increases the ductility.
However, when SDSS parts are made using additive manufacturing technology the
subsequent pass reheats the metal deposited by the preceding pass. As result, undesired
ratio of U/ o2 phases is obtained since au:
of secondary austenif8, 9].

As mentioned earlier, SDSSs are used in marine structures where low temperatures are
not uncommon. At sulaero temperatures, the fracture mechanism for ferrite goes from
ductile to brittle with low fracture deformation. The move from one mechanism to
anotheiis called as the ducti®-brittle transition[10]. Therefore, precise prediction

of fracture toughness plays a critical role in any structural integrity assessment. These
structural integrity assessments rely ondassumption that the fracture resistance of

the product is equal to the resistance obtained from the touglesegsecimer{11].

The focus of the present work has been the study of the fracture toughness of wire arc
additively manufactured super duplex stainless staetubzero temperatuseusing

single edge notched tension (SENspecimensTo obtain the optimum combination

of additive manufacturing parameters that yield the desired bead quality, response
surface method has been used to build statistical mddefserical simulation was

used to perfornthe experimentahstead of real weldingrocessExperimental work

of this thesis study has been carried out at\Weding Technology and Nen
Destructive Testing Research/Application Ceatdvliddle East Technical University
(KTTMM -METU) in Ankara, Turkey.



1.2 Relevant Studies

Few studies havenvestigated additive manufacturing of duplex stainless steels.
Davidson et al[12] fabricated super duplex stainless steels (B5@7) using selective

laser melting (SLM) and found that theladlt piece contained 93% ferrite with some
CpbN particles. Heat treatment at 1040AC
Hengsbach et dl13] used SLM technology to produce a ty2205 DSS piece, where
99% ferrite was obtained, while heat tre
to 66%. Posch et gl14] investigated WAAM of DSS sing 2209 grade filler metal

and cold metal transfer (CMT) welding process. The microstructure obtaineal had
ferrite number of 30 FN (standardized value which is related to the ferrite content in
austenitic and duplex stainless steels weld metal) and aniech properties were
comparable with the filler metal. Eriksson et[&b] also studied the CMT process for

the additive manufacturing of SDSS, where a 20% ferrite fraction and acceptable
mechanical properties were achieved. Papula efl1€]. produced a higliensity
duplex stainless steel 2205 specimens (<0.03% porosity) by selésier melting
(SLM) and good mechanical properties were achieved. The microstructure was almost
fully ferritic, but the desired microstructure was obtained by-postessing heat
treatment. Hejripour et aJ17] studied thethermal behavior of two different parts
(Wall and Tube) made of 2209 duplex stainless steel (DSS) using GMAW process.
They used the thermal cycle data to study the evolution of microstructure and found
that slow cooling significantly promoted austeniteniation in a ferrite matrix.
Hosseini et al.18] studied the microstructures of 2209 duplex stainless steel additively
manufactured by GMAW techniqueith high and low heat input and they found that

the austenite fraction inased up to 10% in the reheated beads rather than first bead
that increased up to 8% for high and low heat in8ut. ¢r tetzal[19] used GMAW

cold wire AMtechniqueo improve alloy compositions of DSS by mixing filler wires

with different nickel contents. They melted approximately 23% cold wire with the wire
electrode in the AM experiments and made it possible to achi&éve&0ferrite in the
specimend. e r etalfP0] fabricated additively manufactured super duplex stainless
steel parts using CMT process with three different heat inputs and studied the effect of
heat input on the mechanical properties. They found that a slight reduntio
toughness occurs when the heat input was increased, also yield strength, tensile
strength and hardnes®redecreased with increasing heat input.
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1.3Knowledge Gap

Duplex stainless steels are increasingly used for marine applications which are
exposed tolow service temperatures. Cold metal transfer wire arc additive
manufacturing has a very good potential to produce DSS components. However, there
Is a significant lack of information/knowledge on different aspects of this
manufacturing technique that muds clarified/explored before it can be proposed to

be used in practice. For example, the effects of wire arc welding process parameters
on the distortion of SDSS parts produced by WAAM have not been studied yet. In
addition, the knowledge on the mechanalperties of SDSS components produced

by WAAM, especially their fracture behavior at szdro temperatures, is very limited.

1.4 Objectives

The objectives of this research are:

1 To perform heatingooling/thermal cycle simulations in order to find the
optimum combination of wire arc welding process parameters that minimize
the distortion of DSS parts produced by WAAM.

1 To conduct WAAM of DSS Grade 2209 and Grade 2509 using CMT welding
technology with optimized process parameters.

1 To examine the microsictural evolution and to determine the strength of DSS
parts produced by CMT WAAM.

1 To perform and evaluate fracture toughness testing of additively manufactured
DSS at sukzero temperatures using the single edge notched tension (SENT)
specimens and compare the results with those of as received DSS Grade 2507

rolled plate.

1.5 Details of Thesis Format

The thesis starts with the background literature relevant to this research project in
Chapter 2. It includes a history of AM and a few of the technologies available today.
This chapter also briefly describes the properties of duplex staitéetsvghich lead

into the specific super duplex stainless stBle¢ fracture mechanics analysis approach

employed in this project is also detailethe simulation works are presented in
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Chapter 3The experimental procedures of the project, as well asghgpment used
to achieve results, are described in ChapteZhapter 5 discusses the results of all
experiments and the information that can be derived from them. In Chapter 6, the thesis

is ultimately concludetbgether with suggestions for future work



CHAPTER 2

THEORY

2.1 General

This chapter provides a theoretical background for,

1 Additive manufacturing technologiesoncepts and classifications inclugin
cold metal transfer, as the wire arc additive manufactymiogess.
1 Super duplex stainless steg$ the material

1 Fracture toughnesas the property

2.2 Additive Manufacturing Technologies

Additive Manufacturing (AM) has been inistence for three decades and was initially
used for model making and prototyping. AM technology has now evolved into a rapid
manufacturing proce$2]. AM refers to a collection of techniques used to createthree
dimensionaparts by depositing and melting successive layers of base material using
an additive technique. AM is seen as opposed to conventional subtractive processes
using machining operations (such as turning, milling, grinding) or molding methods
(such as pressingasting, injection molding)AM processes are often described by
terms such as 3D printing, rapid prototyping, direct digital manufacturing, fast
manufacturing, and solid freeform manufacturing. Although AM does not replace any
of the conventional manufturing processes, it represents a key enabler for
development and innovation, and it also adds capacity to complement traditional
processes as well. Therefore, AM is receiving more and more attention and effort
around the world because there is a tremesderidwide interest in evaluating AM's
potential as a useful and possibly disruptive technology. AM technology is rapidly
developing and getting more and more integrated into manufacturing industry and our
daily lives [21]. AM can handle different kinds of materials such as polymers,
ceramics, and meta[2]. Indeed, AM's excitement encompasses many fields, from
computer science angroduct design to new materials and lean engined@8ag

Figure2.1 shows somapplicationsof AM.



(@ (b)
Figure2.1 Examples of AM application: (a) steel propeller, (b) titanium structure

element of aircraft win¢R2]

However, public attention has been focused on AM only in recent J22jisAM
innovations have already developed themselves at the level of actual production in

some sectori?2].

One of the current problems for AM is that many traditional manufacturing sectors are
not fully aware of, or do not flyl understand, how AM can be used. AM will replace
some of the production methods, but not all of them, while it has the added potential
to complement many of those it cannot repl@&. AM is much more than a process
used tomake customized novel items or prototypes. With new developments in AM,
we are living in an age at the cusp of industrialized rapid manufacturing taking over as
a process for producing many products as well and making designing and creating new

ones possie [21].

2.3 Benefits and Constraints
2.3.1Benefits of AM Technologies

Nowadays AM of metal parts is well known as an important alternative to traditional
processes because of its ability to minimize component costs by minimiaitegial
wastage and time to market. In addition, AM can also enable greater design freedom,
which potentially leading to weight savings as well as facilitating the manufacture of

complex assemblies that used to consist of many subcomp§22n?3]



2.3.2Limitations of AM Technologies

In order to take full advantage of AM technology, it is important to be aware of certain
limitations of this technology, such as:

- Part size: Part size limited to system size in sometédfinologies.

- Processability of different materials: Although many alloys are available, specific
approaches are requiréat difficult-to-weld alloys.

- Postprocessing: In some cases, machining is required to achieve better surface
finishing or dimengnal precision.

- Residual stresses and distortions are major concerns for AM. Part tolerances could
be affected. Premature failure has also been an|[22Le

2.4 Classification of Additive Manufacturing Technologies

The AM areahas been developed over the past two decades as a result of various
technologies being researched and develd@gdin the frameof AM technology,
various processes can be described, where a range of materials (includmgrpply
metals, ceramics and composites), different techniques of deposition andafgsion
applied[22]. Because of its intrinsic characteristics, each method is naturally suited to
some applicationf23]. American Society of Testing Materials (ASTM) Committee

F42 has categorized AM processes to seven categories as Vat polymerization, Material
jetting, Material extrusion, Sheet lamination, Binder jetting, Powder bed fusion and

Directed energy depoditn [22].

The uses of metal have been gaining popularity in AM technology. For the AM of
metallic parts, AM processes could be classified based on the state of the raw material

as liquid, powder and wire baspbcesseas shown irFigure2.2 [22, 24]
2.4.1Liquid Based Technologies

The application of liquicbased material is relatively new in metal AM. This
technology melts the raw material and propels the fused metal droplets to build up a
metal component using an electromagnetic field. This speeds up the manufacturing of

componentsvith hightintensity[24].



Technologies

/\

( Liquid based J ( Powder based J ( Wire based J

[ Additive Manufacturing J

Liquid Metal 3D Printing Selective Laser Melting Wire Laser AM
Solid Freeform Fabrication Selective Laser Sintering Wire HectronBeam AM
Wire Arc AM

Figure2.2 Classification of AM processédmsed on the state of the raw material

2.4.2Powder Based Technologies

Powder bed fusion (PBF) is an additive manufacturing process based on powder as
raw material where a source of heat selectively fuses a region of a powder bed. Powder
bed fusion is the most commonly used method for metal build up with AM. Although
PBF proess is suitable for the fabrication of small components because of better
geometrical and dimensional accuracy, its deposition rate and the fabricated build
volume is relatively low. In order to melt powder bed regions either a laser beam or an

electron bamis used[22, 24}
2.4.3Wire Based Technologies

Due to their high potential for use in metal AM, wire based additive manufacturing
has been extensively studied recently. A simple system of wire based AM consists of
a motion system, heat source and feedsfa8k 24] Wire based AM includes three
different techniques: laser, electron beand arc weldingLaser and electron beam
based techniques are typically the s§24¢ asschematically representedrigure2.3

[22].

2.5Wire Arc Additive Manufacturing (WAAM)

WAAM is a nearnet shape AM system that allows complex parts to be built with
minimum finishing. The system builds up the components Watferby-layer
deposition of material. Complex parts can be built up with enhanced material



properties, and hybrid cqmnents can be created. The savings in time and material
are expected to make WAAM an attractive option for large part manufacf@thg

Electro LASER

beam g:n\; beam gun

Wire feeder EIectron LASER Wire feeder
/ beam beam

Dep Slt|averS Su Strate DEDOSIﬂavers

a b

Figure2.3 Electron beam and Lasbeam AM[22]

WAAM technologies have been investigated to be used A& method since 1990s.
Recenimprovements in welding have made it possible to use a-ohdice welding
source instead o& laser oran electron beam sourd®6]. WAAM uses welding
equipment: welding power source, torches and wire feeding systems. Motion can be
provided by robotic systems or computer numerical contrédield[22, 24]

High deposition rates, low cost of ma#as and equipmentand good structural
integrity make WAAM a suitable candidate for replacing the current manufacturing
process, especially with respect to parts of low and medium complexity. For this AM
processa wide variety of materials are available including steels, stainless steels,
nickel and titanium alloyf22, 23, 27]

Residual stresses and distortions are of great cofeethe WAAM of large scale
componentsDistortions result in poor tolerances while residual stresses affect the
component's mechanical behavioraddition, posfprocessing operations are required
due to the poor finish of the surface obtained with WA

In the WAAM process, 3D metallic components are built by depositing beads of weld

metal layer by layer, using welding processes such angjas aravelding(GMAW),
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gas tungsten anvelding (GTAW), and plasma arc welding (PAWYmbined with a
motion systenj24, 26]

2.5.1GTAW Based WAAM System

GTAW uses a norconsumable tungsten electrode combined with a separately fed wire
to produce the weld deposit, as showrFigure 2.4. During the deposition process,
wire feed orientation affects material transfer and the deposit consistency. Back
feeding, side feeding, and front feeding can be us&aiT AW torch with a gasens is

used to generate laminar flow of shielding gas to reduce oxid&@&emnlens is one of
modernGTAW torch compoants, composed of a coppeody with layered mesh

screens of steel tainless stegR7].

Shielding gag
Shielding

Figure2.4 Gas tungsten arc weldifg7]

2.5.2PAW Based WAAM System

PAW has also been widely studied as a process for the AM procegsingtallic
materials. In plasma welding, arc energy density can reach three times that of GTAW,
resulting in fewer weld distortions and smaller welds with higher welding speeds.

Figure2.5 shows WAAM system based on PA&7].
11



Tungsten electrodg———»
=3

Contact tubg g
Shielding gag

Plasmagas
nozzle

/.Plasmagas

@
Power

Shielding
o-—>
gas nozzle

Filler metal

Figure2.5 Plasma arc weldinf7].

2.5.3GMAW Based WAAM System

GMAW is a welding process in which an electircis formed between a consumable
wire electrode and the substrate metal. The wire is usually perpendicular to the
workpiece[27]. GMAW is the most common heat source choice for AM due to its
welding wire directfeeding spool, Wwich is coaxial to the welding tord24]. As
depicted inFigure 2.6, there are four welding modes GMAW: the globular mode,
shortcircuiting mode, spray mode, and pulsgatay mode. Cold metal transfer (CMT)
was later introduced as modifi€@MAW [28]. CMT performs better thaGMAW
becausef its capacity to produce a high deposition rate aitbwer heat inpuf23,

24, 27] Figure2.7 shows a GMAW based WAAM system.

2.6 Cold Metal Transfer

Cold Metal Transfer welding is a modifi€MAW process which was developed by
Fronius of Austria in 200429]. An illustration of Fronius CMT welding seip is
shown inFigure2.8 [30]. CMT can be regarded as a short circuit GMAWthod in
its most elementary forncMAW short circuit comprises the lowest range of welding

currents and electrode diameters.
12
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Figure2.6 GMAW welding transfer mode§28]
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Figure2.7 Gas metal arc weldin@7]

This kind of transfer provides a tiny, quifleezing deposited metal. During the arcing
process, metal is transferred from the wire to the substrate only in a short period of

13



time, when the electrode is in contact with the weld pool; hence the termcistoitt
transfer" which means no metal is transferred across the af8afi is critical that

the current density must be sufficiently high to heat the electrode and facilitate metal
transfer, but low enough to reduce spatter caused by violent separation of the metal
drop[31].

The CMT unit consis of two separate wirdrives (front and rear), separated by the
wire buffer. The front drive (servomotor), located in the torch, {Sgare 2.8-a),

drives the wire forth and back at a pace of up to 90 times per second in a dabbing
motion. At the same time, the rear drive drives the wire directly from the filler spool
within the wire dive. It is important to note that Process Control digitally controls
both drives. A wire bufferKigure 2.8-b) is interposed between the two drives to

decouple them from one another to ensure a constant wirg3fded

Unlike the GMAW, CMT incorporates a digital procesmtrol that detects the short
circuit at the workpiece, and then retracts the wire mechanically todetdgh the
molten droplet.The retraction of the wire significantly reduces the spatter which is
usually associated with traditional short circuit GMAWhe second most noticeable
difference is a reduction in the thermal input, since the droplet detachment

practicallycurrenf r ee, hence the wof3d. "nCol d Met al

2.6.1Cold Metal Transfer Welding Cycle

A typical electrical cycle of CMT process can be defined as the time required to deposit
a droplet of molten metal on the substrate. Current and voltage waveform analysis is
important for the study of the energy distribution of different phases in dtcgister
process. As shown drigure2.9, the process is divided into three phases:

(i) The peak current phase: High current with constatiage causes the easy
ignition of the arc and then heats the wire to form a droplet.

(i) The background current phase: The current is dropped to prevent the globular
transfer of the droplet produced on the tip of the wire. This phase contilhgbsrt
circuiting takes place.

(iif) The shortcircuiting phase: The arc voltage is brought to zero in this phase.

At the same time, the wire feeder is giameturn signal which gives the wire a back
14



drawing force. This phase helps detachment of the liquid and its transfer onto the
substratg29].

i
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. Cooling unit

. Robot interface

. Wire feeder
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Figure2.8 Fronius CMT welding systeii30]
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Figure2.9 CMT welding cyclg29, 31]

2.6.2Cold Metal Transfer Welding Parameters

The most important varialdeof the CMT process which affect the AM quality are
welding current (wire feed speed), arc voltage (arc length), tepexd, electrode
extension, torch angle, and electrode diameter. Knowledge and control of these
variables are necessary to consistently produce appropriate quality product.
Nonetheless, modifying one variable usually involves adjusting additional parameter
to maintain an appropriate quality since the variables are not entirely independent of
each othe[31].

2.6.2.1Arc Length

With the CMT, the arc length is mechanically acquired and adjusted. That means the
arc remains stable irresgee of the surface condition of the workpiece itself. The
CMT uses a seltorrection mechanism via a constpotential power source in

addition to a mechanical resporj3&].
2.6.2.2Wire Feed Speed

With the CMT, current and voltage are linked together via a linear mathematical

relationship (proprietary to Fronius International LLC) that integrates voltage and
16



amperage process controls into the feed speed of the wire and depends on the thermal

and eletrical resistivity properties of the material substrate and filler [&Hd
2.6.2.3Welding Speed

Welding speed in the CMT process affects the weld quality deeply. The deposition
rate of filler metal per unit length increases whenib&lingspeed is reduced. Alse
welding speed increases, the thermal energy per unit length of weld transmitted from

the arc to base metal is decreal34d.
2.7 The Material; Super Duplex Stainless Steel
2.7.1General

The microstructure of Duplex Stainless Steels (DSS) stmef ferrite and austenite
phases as shown in theggure2.10. DSSs are considered to be the preferred material
for many applications such as marine equipment, chemical, oil and gas industries
because they offer a unique combination of corrosion resestaroperties and high
mechanical properties to be considered when selecting majdédaz3, 34]

| Base material | g S |
o — -’-O'- N "

- e ™™ \.a

- {

(@) (b)
Figure2.10 Microstructure of duplex stainless stedks):. wrought base material and
(b) weld metal[35]

A stainless steel's resistance to localized corrosion and mechanical properties is closely
related to its alloy content. Chromium (Cr), molybdenum (Mo), and nitrogen (N) are
the primary elements which contribute to the pitting corrosion resistance, lstremgt
toughness. An empirical relationship called the Pitting Resistance Equivalent Number
(PREN) was developed to relate the compositiom sfainless steel to its relative
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pitting resistance in solutions containing chlori®]. For austenitic and duplex
stainless steels, the PREN is calculated as follows:
PREN = Cr + 3.3(Mo + 0.5W) + 16N (2.1

Wherealloying elements are in weight percentages.
2.7.2Brief History

Development of stainless steels in UK and Germany dates back to the first decades of
the 20th century. First grades of stainless steel have only been rich in Crth&fter
inventions of martensitic and ferritic grades, austenitic grades were developed by N
alloying and became the most popular stainless steel J&des

In stainless steelthere are three main types of microstructures, i.e., ferritic, austenitic,
and martensitic. These microstructures could be obtained by adjusting the steel
chemistry appropriately. Stainless steels can be classified into several different groups
of these hree major microstructures which are ferritic stainless steels, austenitic
stainless steels, martensitic stainless steels, duplex stainless steels, and precipitation
hardening stainless stee]88]. Figure 2.11 includes the most popular diagram
developed experimentally by Schaeffler for weld metal, which allows the
identification of different categories of stainless steels on the basis of chemical
composition38].

AUSTENITE
X > ?- ‘2 .

124 MARTENSIT
8 RN : o

x"‘x‘.~ by
. § \

F+M

Nickel equivalent = Ni % + 30 C % + 0.5 Mn %
N

- FERRITE

4 8 12 16 20 24 28
Chromium equivalent = Cr % Mo % + 1.5 Si % + 0.5 Nb %

Figure2.11 Schaeffler diagrarf89]
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2.7.3Duplex Stainless Steels Grades; Past and Present

Duplex stainless steel is a general term for stainless steels with ferrite and austenite
phases having a ratio of approximately 1:1. Various improvements have been made to
duplex stainless steel in the course of its history, and it has reached the ghmgEgnt

The material can be made available ircast and wrought forms. Both grades are
increasingly employed for a wide range of applications, sucheas exchangers,
pressure vessels, storage tanks, desalination systems, piping assembliess ameoff

platforms, and reaction vessels as showrigure2.12[37].

Image courtesy of Solbar

Figure2.12 Some applications where DS&eemployed; (a) shelubeheat
exchanger(b) pipe line, and (c) food processing.
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Thedevelopment of DSScould be divided to four generations:
2.7.3.1First Generation from Dawn -Development ofDuplex Stainless Steels

Duplex stainless steel was initially used as a casting in the 1930s. At the beginning, it
was difficult to process sheet and tube products. Thesgératration duplex stainless
steels have sufficient mechanical properties and corrosion resistancadicgbiuse.
However, these steels were not sufficient for use in welded structures. The reason for
this is that the welded portion has the disadvantage that the mechanical properties and
corrosion resistance are greatly reduced as compared to the basdevatise of

excessively big coarsened ferritic grains in the heat affected zone (AAZ), 38]
2.7.3.2Second GeneratiorEnsuring Weldability

Wi t h t hes refinih@ mocesswith VOD (Vacuum Oxygen Decarburization)
and AOD (Argon Oxygen Decarburization) in addition to continuous casting allowed
the production of much cleaner steels with a very low carbon content (0.03% or less)
and a high nitrogen content (0.1% or mdB#), 38] These secongeneration duplex
stainless steels like UNS S32205 have been improved in weldability. The-above
mentioned problems with HAZ were greatly improved by controlling of N and C
contentq7].

2.7.3.3 Third Generation-High Corrosion Resistance

In the 1990s, the need for even more corrosesistant duplex stainless steels
increased, and thirdeneration super duplex stainless steels were developed with a
high value of pitting corrosiomdex PREN and are being used in marine oil well
related facilities. By convention, stainless steels with a PREN value of more than 40
are considered super stainless steels, so duplexes in this category are called super

duplex stainless stedlg|.
2.7.3.4At PresentResource Saving and Ultra High Corrosion Resistance

In recent years, the direction of development of duplex stainless steel has largely been
focused on higér corrosion resistance. With a pitting resistance of 49, the Z/AF
hyperduplex stainless steel has significantly improved corrosion resistance in chloride
solutions compared to super duplex stainless Jiéed®]. Table2.1 lists the chemical

compositions an®RENvalues of the modern wrought duplex stainless stg38s.
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Table2.1 Chemical compositimand PRENvaluesof the modern duplex stainless

steelqd36]
USN |Grade| ¢ | c | Ni | Mo | N [ Si|Mn]|PREN
Early grade
S32900| 329 | 0.08 | 2328 2-5 1-2 - 0.7 1 32
Lean duplex

S32304| 2304 | 0.03 | 217124 | 31 55| 0.050.6 | 0.050.2| 1 | 25 28
Standard duplex
S31803| 2205| 0.03 | 2123 |4.56.5| 2535 | 0.080.2| 1 2 34
Super duplex
S32750| 2507 | 0.03 | 24-26 6-8 3-5 0.20.3 | 0.8 | 1.2 | 425
Hyper duplex
S32707| 2707 | 0.03 | 2629 |5.59.5 4-5 0.305 | 05| 15| 492

2.7.4Super DuplexStainless Steel Grades

In the 70s, a famous super duplex grade, which is known as Ferralium 255 (UNS
S32550) with 25 % Cr and high Mo additions, was developed by Langley alloy. The
grade had nitrogen additions but well below today's levels; it remaingculdito

weld. The new generation of super duplex grades was produced in the 90s-26th 25

% Cr and increased Mo and N contents. These grades include 2507 and Zeron 100.
Additions of nitrogen in duplex stainless steels seemed extremely significant. It
contributes to many properties particularly in the welded areas, including the high
temperature stability of the twghase microstructuf@4]. In addition, nitrogen is also
considered to strengthen the localized corrosion teggis (pitting and crevice)
properties of the stainless steels. Such two main contributions of nitrogen explain why
nitrogen content in duplex grades has been gradually increatieeli¢vels close to

the solubility limit value as shown Figure2.13[41]. The solubility limit of nitrogen
steadily increases with increase of chromium and molybdenum contents and hence

improve the corrosion behavior of the SD[S8].
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Figure2.13 The solubility limit of nitrogen in DS$1]

2.8 Physical Metallurgy and Microstructure of SDSS
2.8.1Structure Stability and Solidification Mode

The stainless steel solidification mode is very important as it affects the corrosion and
mechanical properties of welded and cast components. The volume fraction of
austenite and ferrite are influenced by the solidification njé8e The ternary phase

diagram of iroachromiumnickel system is a roadmap of the duplex stainless éteels
metallurgical behaviour. A 68% iron section through the ternary diadgtauré2.14)

shows that these alloys solidify as ferr
austenite (92) as temperature drops, dep
Austenite / ferrite volumdractions are specifically related to composition and
temperature. As a result, the properties and microstructure at room temperature are
closely related to the solution annealing temperature i.e. higher solution annealing
temperatures produces higherritercontent$34]. A microstructure of approximately

50:50 percent of ferrite and austenite can be achieved at room temperature by water
quenching from the appropriate solution annealing temperfBéje Nitrogen is

typically added as an alloying element to stabilize and accelerate the formation of the
austenite phadd3, 44}
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Figure2.14 Pseudephase binary diagram of duplex grades (2205/25081)
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2.8.2The Role of Alloying Elements in Duplex StainlesSteels

The interactions between the main alloying elements, especially chromium,
molybdenum, nitrogen, and nickel, are very complex. To achieve a stable duplex
structure that can be well fabricated, care must be taken to ensure that each of these
elementsis at the correct level. In addition to the phase balance, a second major
concern is the formation of harmful intermetallic phdSé$.

Chromium and molybdenum are ferrite stabilizers as they promote the body centered
cubic (BCC) crystal structure of iron and they are used to increase the strength,
corrosion resistance, hardenability and wear resistance of DSS. Whereas nickel and
nitrogen are austenite stabilizers as they promote the transformation of crystal structure
from BCCto face centered cubic (FCC) structure which increases the precipitation
mechanism of austenite phases and these two alloying elements increase the pitting
corrosion resistance, impact toughness and the tensile properties of DSS. To develop
the duplex sticture, the ferrite formers, chromium and molybdenum should be

balanced by the austenite formers, nickel and nitr¢4feln

2.8.3Desired Microstructure

The microstructure of super duplex stainless steels is a feusitenitic sucture, and
hotrolled material has elongated grains in the rolling directieigure 2.10). The

ferrite / austenite ratio will impact the D@8 pertiesReport 938C of theAmerican
Petroleum Industry (API) states that the ferrite content in DSS is to be within the range
of 30-65%. However, the best properties are obtained when the ferrite content is about
50%][35, 46}

2.8.4Precipitation of Secondary Phases

Slow cooling in the critical temperature ranges can result in the formation of various
types of intermetallic phases that are detrimental to the mechanical and corrosion
properties of SDS$7]. Theamountand the typef alloying elementhavea direct
influence on the precipitation actions of different phases, as shdvwguire2.15[36].

By increasing the Cr and Mo concentrations, the Firamperature Transformation
(TTT) curves of the precipitation reactions can be shortened, thus increasing the

stability area of the sigma phdg]. Different types of prapitates, which can form
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in SDSS after thermal aging, are introduced taking into account two temperature
ranges:
1- High Temperature Range (53800 00 AC) Preci pitations
2- Low Temperature Bnge (2566 50 AC) Preci pitations

Mo W Si
100Q
Carbides
Cr Nitrides
Mo U- phase
W G- phase
. 2- phase
Si R- phase
3004
CrMo W Cu

Time

Figure2.15 Time-temperature precipitation diagram of duplex stainless J&&ls

2.8.4.1High Temperature Range (5501 0 0 0 PxeCipitations

Sigma (0G) pha-<€eMo rio phase lwithia setragonaF structure is the
most weltknown del¢éerious phase precipitating in DSS from the ferrite at
temperatures below austenite formation between-{6000 ) [85]. In addition,
because of the eutectoidal f or mat)ison of
present at the ferritaustenite boundaries. Sigma phase has a powerful embrittlement
effect that decreases toughness. Secondary austenite is normally chiaepieted
compared to the primary form, resulting in a localized reduction in resistatice to

pitting corrosion10].

SDSS can precipitate chi () phase, R ph
sigma phase and secondary austenite. The R phase is an intermetallic compound rich

in molybdenum and usually fornbetweer6507 00 AC but its practic
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lower sincdts nucleation takes longg47].C h i () is a cubic inte
of Mo, precipitating between 700AC and ¢
compared to 0. Chi (6) nucleation is rapi
rate is sl ow. C h ed td b= Jan intesmediase pbakel, replaced at s i d e
longer aging periods by the sigma phgg.

Chromium nitride is formed in the temperature range o0 0 AC f ol | owed b
cooling. At this temperature range, nitrogen doesshave enough time to diffuse in

austenite and has limited amount of austenite formation. As a result, when ferrite
formations are supersaturated with nitrogen, chromium nitrides form at the grain
boundarieg47]. The chromiumnitride precipitation reduces the pitting corrosion

resistance due to loss of chromium and nitrd§&h
2.8.4.2Low Temperature Range (256550A ¢ Precipitations

The most popular transformation that occurs below A5G0 the spinodal
decomposition of the ferrit@to chromiumr i ¢ h  f)emdiront iec it UBer ri t e
a very small scale, which also known as the AZBmbrittlement A subsequent
hardening and embrittlement of the ferrite is observed. This expldiys most
applications are confined to temperatures belowA268DSS grades with 25% Cr are

very sensitive to this phenomenj@4, 35]
2.8.4.3Microstructure and Mechanical Properties of DSS

Mechanical properties of SDSSs are described as a mixture of austenite and ferrite
propertiesCombinatiorof the toughness of austenite and strength of ferrite make DSS
adesirablamaterial, which can be used in a wide variety of applications. Interbsting

due to their finer microstructure, their strength is higher than both austenitic and ferritic
stainless steels. The excellent mechanical properties of SDSSesarneted to
temperatures lower than 2&@ue to the danger df 7 5 énBrittlements digussed
previously[34, 35, 36]

2.9 Metallurgy of Additively Manufactured SDSS

The superior mechanical properties and pitting corrosion resistance of SDSS are due

to the balanced microstructure consisting of austenite and ferrite phases. This
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microstructure is significantly influenced and altered by heating, itaihds been
noticed b suffer the loss of corrosion resistance and reduced impact tougdless
WAAM is a layerby-layer additive manufacturing process based on welding
technology. In this process the fresh runs reheat the underlying depos#dd.
Reheated beads have a distinct microstructure compared to single pass welds.
Common observations are the possible precipitation of secondary austenite and
deleterious secondary phag@$]. Maintaining a proper austeniteferrite phase
balance while avoiding brittle phase formation is necessary to maintain acceptable

toughness and corrosion resistance of the Hd&dls

2.10The Property: Fracture Toughness

Although metallic materials aharacterizedwith some exceptions, by a significant
ductility, metallic structures and components may show, under particular conditions,
sudden unexpected failures, where plastic strains are limited or absent at all. This
phenomenon, which may occur evéstresses acting on structural elements are well
bel ow mat er i alanilis gegerakkylcatrelated to ¢ha gresdnce of planar
flaws and called brittle failureBrittle failure phenomena may occur in structures
and/or components where safety and cost aspects are of particular significance. Repair
operations may be critical or impossible. These considerations underline the
importance of defining assessment proceduin order to check if materials are fit for
their intended use idesign conditions ca detected flaw in service can be considered
acceptable or ng49].

2.11Fracture Mechanics

The aim of fracture mechanics is to establigh ltimit conditions beyond which the
propagation of an unstable flaw occurs (i.e. crack driving forces determining the flaw
propagati on overtake ma,tseerFigard D16) [489]lesi st a
According tofracture behavior afnaterials, two main branches of fracture mechanics

are taken into consideration: Linear Elastic Fracture Mechanics (LE&Mrittle

materials ancElasticPlastic Fracture Mechanics (EPFM) for ductile materjia

51].
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Figure2.16 Conditions of flaw propagatiofd9]

2.12Linear Elastic Fracture Mechanics

The basic work for linear elastic fracture mechanics is by Griffith, where he defined a
critical stress for failure. As seenkigure2.17 a plate withaninitial crack length(2a)
subjected to tensile stress G, was used
the crack, the stress is greater than th
the material near the tip of the crack will experience large strains énchtely

collapse, allowing the crack to spread ahj&éxl 52, 53]

SRRRNRENRARERN

|
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Figure2.17 Plate with the initial cracf49]

.y
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The criticals t r ersgsiredifor crack propagation in a brittle material is described
by the expression:

” — (2.2)

Where:
E is modulus of elasticity
Jeis specific surface energy

a is one halbf the length ofan internal crackb4]

The modern theory of fracture mechanics started with the analyses carried out by
Irwin, where the stress and strain distributions occurring at the tip ofditmensional

crack can be defihnedbymeams Stress I ntensity Factor

As shown inFigure 2.18, crack propagation may occur according to three different
modes, namely the opening mode (mfdéhe inplane shearing mode (mode 1), and
the outof-plane shearing mode (mode I[§4]. From an engineering point of view,
Mode | is the most important mode as the propagation of dikeeklaws tends to

occurperpendicular to the maximum tensile stress direction.

|

Mode | Mode || Mode |11
Opening n Sliding modkearing mode
(/-pnlrane st (ool -ane sh

Figure2.18 The three modes of loadifig4]
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The mode | stress intensity factor|ian berepresented by the following general
equation:

O OO (2:3)

The parameter Y depends on:
-Structural component geometry,
-Flaw geometry,
-Type of stress distribution
0 represents theominal valuecharacterising the stress distribution;

arepresents the characteristic flaw dimensjdf].

Under an increasing load crack propagation/initiation may initiate wheeaches a
special critical value K.
Ki=Kic

Kic is a real material characteristic called fracture toughjaégs
2.13Elastic Plastic Fracture Mechanics

Linear elastic fracture mechanics (LEFM) lose its legitimacy for ductile materials
because the fracture processes at the crack tip are followed by severe plastic
deformation in these materiglS4]. Thereforethe characterizain of the fracture
behavior of ductile materials requires Elastic Plastic Fracture Mechanics (E®HM)

The most important concepts in EPFM are crack tip opening displacement (CTOD)
and Jdintegral proposed by Wells (1961) and Rice (1968), respectigdly The
mechanical behavior near the crdigk of ductile materials can be fieed by both
concepts (J and CTOD). Each of them can serve as a measuedaughness of the

materialand can therefore be used to determine criteria for fra@Qré1]
2.13.1Crack Tip Opening Displacement (CTOD)

For elastieplastic materials (ductile materials), the crack tip opening displacement
(CTOD) is a fracture mechanics parameter describing drackonditions. It is
observed that for materials with high toughness, the high degree of plastic deformation

give rise to blunt the crack tip before subsequent ductile tearing as shown in

Figure219. The CTOD (U) val vasfollovesn be connect e
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q S (2.4)
where

m is a dimensionless constant that is approximatelyfdr.@lane stress and 2.0 for

plane strain.
ENy is the effective Young6s modul us, def.
ENj=E for pl an e-v&forplans straira n d EN=E/ (1

Oysis the 0.2% offset yield strefsl, 54]

Deformed crack flank

Ductile tearing

1111111111
.........
_______

Blunt crack tip

Original crack tip

Figure2.19 Displacement at the original crack ]

2.13.2J- Integral

Plastic deformation takgdace in front of the crack tip for common structural steels
including DSS with a relatively high toughness. Thatégral can be determined for
these materials, which describes the rate of energy release dihean elastic
materials. This toughnesstdamination method is based on the amount of energy
required to initiate and propagate a crgm]. J reflects the energy "spent” for crack
propagation per unit fracture surface under the most general conditdimsyhen the
material behaviois primarily linear elastic and when the size of the plastic zone is

large. The following equation is valid for materials waiastic behavio
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0 O — (2.5)
G=Crackextension force

EN=E for plane stress
E Nj= Evf) foriplane strairf49]

2.14 Crack-Growth Resistance Curves

Many high toughness materials do not show catastrophic failure at a particular value
of J or CTOD. Instead, these materials display an increasing R curve, where J and
CTOD rise with the progress of cracks. An increasing of R curve is typically correlated
with micro voids coalescencEigure2.20 demonstrates a standard J resistance curve
for a small amount of visible crack growth due to blunting. When J increases, the
material at the crack tip fails locally and the crack progresses further. Due to the rising
of R curve, the initial crack growtts iusually stable but instability may later be

encounteredb4].

x4 — }

o Stable tearing

Jo - —f- <« Fracture initiation

<— Blunting crack

A 4

Crack Exten:

Figure2.20 Crackgrowth resistangeRr- curve[54]
2.15Methods of Measuring and Types of Specimen
For fracture toughness testing of a material a lot of specimens are used to analyse

characteristic valuef5]. Single edge notched bend (SENBidure 2.21-a) and

compact tension (CTF{gure2.21-b) specimens with a high crack depth are the most
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frequently used types of specimeas], and their use is defined in international
standards such as ASTM E1820 and B4 8[58]. These specimens are subjected to

a bending load that results in a high créigk constraint condition, which is
unrepresentative of constraint at the crack tip in conditions like a surface crack in a
pipe[58]. In recent years, the clamped single edge notched tension (SENT) specimens
(Figure2.21-c) have been commonly usgs¥]. Generally, the lower constraint of the
SENT specimen, compared to the SENB specimen, results in higher values of fracture
toughnes$59, 60]

!

F

1.25wW

F
(b) (c)

Figure2.21 Standardized fracture mechanics test specimens: (a) singinetihped
bend, (b) compact specimen, (c) single edge notched tef&lo6.2]
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Fracture toughness testing with SENT specimens is now standardized in BS 8571 and
SENT specimens can be used for higher and lower temperature testing, different
material thicknesses and wide range of engineering applications. SENT test results can
be congilered for use with fithed®r-service evaluation provided that the structural

specification to be tested has lower constraints than the spel&fjen
2.16Fracture of Duplex Stainless Steels

The room temperature fracture behaviotiduplex stainless steels is well established.
Compared to other stainless steels the fracture toughness of DSS is very high and this
high toughness could be ascribed to the presence of augihi@3] The ductie
austenite retards the cleavage fracturing of fefi8Be64] The grain size together with
crystallographic texture of SDSS can also influence the behavior of the fracture. It has
been shown that there is a stranlling texture in specimens which results in highly
anisotropic resistance propert{@®]. The fracture toughness values are higher in the
transverse than in the longitudinal direction with respect to the rolling dird6pn

When a DSS part is additively manufactured using arc welding, the fracture toughness
of welded layers and their heat affected zones are generally much lower compared to
that of therolled plate. Deposited metals haveiae grain size becausd their rapid
cooling rateln addition, there can be partial dissolution of austenite grains in the heat
affected zone, as well as general matrix ageing. Ductility is therefore limited, and the
work hardening rate is much highdran that of theolled plate. During additive
manufacturing, reheating of welded layers can also nucleate brittle intermetallic phases
within the matrix that further promote cleavafyacture. The fracture behaviof
welded layers is thus often the ardl factor in a product's performard®].

At subzero temperatureshe fracture mechanism for ferrite shifts from ductile to
brittle fracture. This phenomenon called the dudbkbrittle transition. The cause for

this chamge in fracture behavior for the ferrite is t@stricted slip and dislocation/twin
interactions The ductileto-brittle transition temperature (DBTT) of SDSS depends on
the chemical content, microstructure, existence of detrimental phases and
precipitations [10, 64, 65] In conclusion, although the fracture toughness of duplex
stainless steels is generally well studied, fracture behavior of additive manufactured
duplex stainless steels (especially at low temperatures) needs further studies to be
conducted10].
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CHAPTER 3

NUMERICAL SIMULATION STUDY

3.1 General

Wire arc additive manufacturing @swelding based processid can be abbreviated it
as(WAAM). Theprocesss commonly used in industrial applications due to its high
efficiency, durability and low cost compared to some other processes. One of the
challenges faced by engineers and technicians in this process is the selection of the
best welding parameters to aebe high quality at low cost. By strategic planning of
experiments design, effective statistical models can be developed to solve these
significant problems. In this work, response surface métastieen used to build
statistical models to studthe effect o0 MVAAM process variables (welding voltage,
current and welding speed) on longitudinal and transversal distortion of product. The
statistical models would be helpful in setting process parameters at optimum values to
achieve a low displacemeresulted from longitudinal and transversal distortion. The
plan of study is shown ifigure 3.1. Instead of doing realVAAM process, which

leacs to additional costs caused by losing expensive material, numerical simulation
was used to simulate tNgAAM process and predict the longitudiaad transversal
distortion. DesigrExpert version 7.1.3 softwaf@6] was used to obtain the statistical
models and optimization. For the simulation, a commercial software package,
COMSOL Multiphysics 5.%67] has been used to perform the thermal and mechanical

tests.
RSM Simulation RSM
. .-I ".
N | Cont \ \ )
Defining . . | Conducting \ Creation of L
WAAM process ) Developing fyyaam process statistical y | Cpumization \
. /| design matrix / | _, lati / / /
variable / / simulation models r i
/ ¥ J ! i

Figure3.1. The plan of study
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3.2Wire Arc Additive Manufacturing ProcessVariables

According tothe previous studies that covered CMT welding based AM of SDSS, the
upper and lower values of welding parameters are decided as giVahl@B.1. [15,
17,18, 19]

Table3.1 Control variables

Lower Upper
Current | (A) 140 220
VoltageU (V) 15 25
Speed S (mm/s) 4 10

The response surface desiggnstructed from three sets of points, first set based on
factori al design which consist of 2k exp
set, center points, coded as (0, 0, 0). Teet star points, consist of 2k experiments

and locatedatapeci fi ed di stance U fromOt@®e cent
NU, 0 ), (0, ©,UNOUan Bheecwhbub)dasled by t he

u ¥ 2 (3.1)
k = Number of process parameters.
Fork=3[ U = N 1.682

All sets are shown diagrammaticallykigure3.2 for k = 3

(00,00
*
-LL-1) (L1-1) : » (0,00
v
| - f
¢LLY) (L1 (< 0.0) L (2,0.0)
- ——————= g *: —————————— -
#
H,-1,-1) (1-11) . N

-1-1.1) (L-L1) 0, 0c) 8

-

(00

d1re-::t1::un.Fac_tc-na1 design Star and center points

points

Figure3.2 Response surface design for k=3 variables
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Five levels for each WAM process variables have been defined based on the response

surface method. The five levels were codedtlds{1, , O , 1 U). Th

(X) of the vari abl theeguation3)2G8In be cal cul at
X=( ( NO+ IRl R)) + X0 (3.2)

Where:

X : the original value of the variable ai

Xu : the upper variable value.
XL : the lower variable value.

The selected WAM process variables with their limits and codes are given in
Table3.2

Table3.2 WAAM processvariables with their limits

Parameter Units | Notation Factor levels
Coded value -1.682 -1 0 1 1.682
Current (A) | 112.72| 140 180 220 | 247.28
voltage ) U 11.6 15 20 25 | 28.41
Speed (mm/s) S 2 4 7 10 12

3.3 Response Surface Design Matrix

In factorial design, experiments are carried out on all possible combinations of
parameter levels, and these combinations form a design matrix when written in the
form of a table. The total number of the experimental runs (N), based on full factorial

cental rotatable design, is given by tequation(3.3):[69]

N=2+2k-+n, (3.3)

Wheren, refers to the number of the center point.

In the present work, k=3 whichlesio U = 1. 6 8 Zhere &r@8cornet a 3. !
points, 6 star points and 6 runs for the center point, yielding a total number of twenty
experimental runs, N = 20 (formula 3.3). The selected desigimix is shownin

Table3.3.
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Table3.3 Established design matrix

Experiment| Current Voltage Speed
No I (A) U (V) S (mm/s)
1 140 15 4
2 220 15 4
3 140 25 4
4 220 25 4
5 140 15 10
6 220 15 10
7 140 25 10
8 220 25 10
9 112.72 20 7
10 247.28 20 7
11 180 11.6 7
12 180 28.41 7
13 180 20 2
14 180 20 12
15 180 20 7
16 180 20 7
17 180 20 7
18 180 20 7
19 180 20 7
20 180 20 7

3.4 Numerical Modelling and Simulation of WAAM Process

In particular, the selection of the optimum process parameters in this study is based on
the evolution of the longitudinal and transversal distortion simulating the welding of
super duplex stainless steel Ggd@507), the process simulat®are designed in the

form of singlelayer and 3 runsising COMSOL Multiphysics software. The process
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parameters are selected according design matrix givelratre 3.3 and material
properties are given ihable3.4. [36]

Table3.4 Super duplex stainless steel propertisy

Property Value Unit
Thermal conductivity 20 W/(m.K)
Heat capacity at constant pressure | 487 J/kg.K)
Poisson's ratio 0.3 --
Young's modulus 200 °1 1Pa
Density 7750 kg/m?
Coefficient of thermal expansion 14 P1quK

3.5Numerical Model Description

Figure 3.3 shows the schematic diagram and geometrical size of the computational
domain considered. Points T1, T2 and T3 were selected to estimate the temperature.
The distance between each point wasr@.Roints D1 and D2, with a distance of 50

mm in between, were selected to estimate the longitudinal and transversal distortion.

Figure3.3 Schematic diagram and geometrical size of the computational domain

3.6 Numerical Model Assumptions

f Heat pux is deemed at top surface.
1 The arc heat flux is defined by the Gaussian distribution.

1 The established model does not édasthe molten pool's flow but takes into

account the simple transfer of heat.
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3.7 Governing Equations and Boundary Conditions

For the accuracy of the finite element results, the accurate modeling of the heat source
is of most significance since it determiriks heat input from the welding process and
the resultant distortions. A Gaussian distribution can approximate the heat source

energy, and the heat flux (q) on the top surfacevsrgby the following expression

[2]:

A —Qon — (3.4)

0 —&0 (3.5)

where Q is the arc power tife heat source, Rs is radius of heat source, R is distance
fromlocalpo nt and dq = 0. 8
Equations (3.6) and (3.J2], were used to calculate the boundary conditions of cooling

between the workpiece and the environment through convection and radiation,

respectively.
= h(o) TT (3.6)
=0 & ®T (3.7)
where U = 0.6 is the enRK }jisthewnaturayconvdctives DS S

heat transfer coefficienfr0, 71]

3.8 Model Validation

To demonstrate the efficacy of the numerical model, an experimental validation is
provided by comparing the actual temperature of a WAAM with the simulated ones.
The model was validated using datataibped from two published worknd data

obtained from laboratory workss described below:
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Case 1

Vahid et al[18] studied the wire arc additive manufacturing of a duplex stainless steel
in terms of thermal cycle analysis amcrostructure characterization. A voltage of
24.5 V, a current of 147 A, and a welding speed of 6.5 mm/s were used. The

temperature was 10943 at 3.75 mm away from the fusion line of the first pass.

Case 2

Carlos et al.[72] studied the welding effects on the duplex stainless steel
microstructure by carried beanh-plate welding. A voltage of 25 V, a current of 180
A, and a welding speed of 6 mm/s were used. The temperature wa€ EH5Dmm

away from the fusion line of tHest pass.

Case3

Laboratory work has been done by carried beaglate using a voltage of 20 V, a
current of250A, and a welding speed of 7 mm/s. An indication of the temperature of
the deposited metal was obtained by measuring the temperature of the center of the
weld pool by inserting a thermocouple into the weld pool behind the arc during
depositing. Type Kchromel thermocouples, which are the most common sensor
calibration type, are Ni based and exhibit good corrosion resistance. Their melting
point is 1370C and they are reliable and accurate at temperatures up fC1P2&0ing

the measurements, the thermgaleumaterial was protected with a ceramic protection
tube. Cooling curves obtained by thermocouple reading and temperature data

acquisition during the welding processes are representadune3.4.

41



1400

1200

|
o
o
o

800

600

TempratureqC)

400

200

0 5 10 15 20 25 30
Time (sec)

Figure3.4 Cooling curves recorded in the middle of weld pools

The simulation was executed using the process parameters of case Zand case
3 at point T3, 4 mm from the fusion line
Figure3.5, Figure3.6 andFigure3.7 illustrate the result of simulation for casechse

2 and cas@ respectively.
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Figure3.5 Heat distribution of case 1
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Figure3.7 Heat distribution of case 3
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The results obtained from simulation were recorded and compared with the actual
results of experiments as shownTiable3.5.

Table3.5 Actual and simulation results of temperature

Temperature®C)
Case No. i i : Error
Experiment Simulation
Case 1 1043 1128 8.2%
Case 2 1250 1385 10.8 %
Case 3 1188 1277 7.5%

When the temperatures obtained from the simulations are compared to the results of
actual experimental temperature measurements; the relative percentage errors are up
to 8.2 % for casel, and 10.8 % for casand finally 7.5% for case 3. Considering the

heat transfer assumptions in the model, and considering the accuracy of thermocouple
readings and the delay in thermocouple response times, these differences are small and
expected so that it is concludedatithe simulation of the model using COMSOL

Multiphysics holds

3.9 Simulation Results

The results obtained from simulation were recorded and surmised in figures from
Figure 3.8 to Figure3.22. Since the values of distortion and temperature were equal
for the last 6 experiments only one of them is presented. The heat distributions were
presented in part (a) tiefigures while thalisplacements resulting from longitudinal

and transversal distortion were shown in part (b) of the figures for the 15 experiments
in design matrix, recorded ifable3.3. The results displayed in (3D) for experiments
were shown in part (c) of the figures.
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Figure3.11 Simulation result of experiment (4). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.12 Simulation result of experiment (5). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.13 Simulation result of experiment (6). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.14 Simulation result of experiment (7). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.15 Simulation result of experiment (8). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.16 Simulation result of experiment (9). (a) Thermal cycle (b) Displacements

(c) Total displacement results displayed by FEM simulations
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Figure3.17 Simulation result of experiment (10). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by $iEMlations
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Figure3.18 Simulation result of experiment (11). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by FEM simulations
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Figure3.19 Simulation result of experiment (12). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by FEM simulations
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Figure3.20 Simulation result of experiment (13). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by FEM simulations
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Figure3.21 Simulation result of experiment (14). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by FEM simulations
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Figure3.22 Simulation result of experiment (15). (a) Thermal cycle (b)

Displacements (c) Total displacement results displayed by FEM simulations

59



The values of temperature (T) and displacements resulting from longitudinal and
transversal distortigy(D1 and D2) for each experimentdesign matrix werdsted
in Table3.6.

Table3.6 Responsealues

EXxp. Current | Voltage Speed D1 D2 T'
No (A) V) (mm/s) (mm) (mm) (AC
1 140 15 4 1.41 0.88 2086
2 220 15 4 1.67 1 2975
3 140 25 4 1.7 1.02 3365
4 220 25 4 1.91 1.11 4100
5 140 15 10 0.95 0.56 1171
6 220 15 10 1.27 0.74 1821
7 140 25 10 1.32 0.77 1922
8 220 25 10 1.65 0.93 2897
9 112.72 20 7 1.08 0.71 1389
10 247.28 20 7 1.56 0.97 2766
11 180 11.6 7 1.03 0.68 1289
12 180 28.41 7 1.58 0.98 2854
13 180 20 2 1.74 1.06 3786
14 180 20 12 1.23 0.71 1265
15 180 20 7 1.37 0.87 2085
16 180 20 7 1.37 0.87 2085
17 180 20 7 1.37 0.87 2085
18 180 20 7 1.37 0.87 2085
19 180 20 7 1.37 0.87 2085
20 180 20 7 1.37 0.87 2085
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3.10Creation of Statistical Models

The secondlegree response surface function representing the longitudinal and
transversal distortion (D1 and D2) dimensions and temperature can be expressed as
follows [68]:
Y = bo + bul + boU + S+ hial? + bpoU? + basSP+ biol U + bialS+ besUS (3.8)
The coefficients values of statistical models were calculated by using Exegogmnt
software[66] and the results are presented able3.7.

Table3.7 Coefficientvalues of models

Parameter| Coefficient D1 D2 T

constant bo 1.37 0.87 2075.03
I b1 0.14 0.072 407.48
U 07 0.16 0.085 502.53
S b3 -0.17 -0.12 -655.7
12 b11 0.007 -0.005 62.51
u? b22 0.001 -0.009 60.39
S b33 0.065 0.011 220.91
U b1z -0.005 -0.006 21.37
IS b13 .023 0.016 0.12
us b23 .028 0.019 -72.13

The statistical models developed are given below. ThH®AW process control

variables are in their coded form:
D1 =1.37 + 0.141 + 0.16LD.17S+ 0.0071+ 0.001U + 0.065%-0.005IU +

0.023IS+ 0.028US (3.9)
D2 = 0.87 + 0.072I + 0.085D.12S0.005F -0.0091} + 0.011% -0.0061U +
0.0161S+ 0.019US (3.10)
T = 2075.03 + 407.481 502.53U655.7S+ 62.521+ 60.391% + 220.91%+

21.37IU +0.121S72.13US (3.11)

The statistical models furnished above can be employed to predimhgiedinal and
transversal distortiand temperature for the range of parameters used in the
investigation by substituting their respective values in coded form. Based on these

models, the interaction effects of the process parameters odidiwetion were
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computed and plotted as response surface and contour surface and depicted in figures
from Figure3.23to Figure3.28.
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3.11Checking the Adequacy of the Models

The validity of the models can be judged frime scatter plots shown Figure3.29,
which indicate that the predicted values of lihvggitudinal and transversal distortion

(D1 and D2) are in good agreement with the results obtainedtfresmmulation.

<

Predicted
£
Predicted

— “m e
o 086 —  m

055 0.69 0.83 0.97 m

Actual Actual

(@) (b)

Figure3.29 Scatter plot of the actual and predicted valuegdplongitudinal andb)
transversal distortion

3.12Optimization

Optimization is searching for combination of factor levels that fulfill the requirements
imposed on each of the responses and fadionsiltaneously. The simultaneous
optimization of multiple responses in this work can be performed with help of Design
Expert software by selecting the desired target for each process variable and response.
The possible targets are maximization or minirit@a of the responses. The
"importance” of each target can be changed in relation to the other targets from 1 to 5.
In this study, importanceras chosen to be constaiiable 3.8 shows the suggested
criterion for numerical optimization arithble 3.9 shows the mostesirable solution

selected byhe DesignExpert software.
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Table3.8 Criterion of numerical optimization

Name Goal Lower limit | Upper limit | Importance

Current (1) A In range 140 220 3
Voltage (U)Volt In range 15 25 3
Speed (S) mm/s In range 4 10 3
Temper at ur ¢ Inrange 1500 2500 3
Longitudinal L

distortion(D1) mm Minimize 0.95 1.91 3
Transversal L

distortion(D2) mm Minimize 0.56 1.11 3

Table3.9 Desirable solution selected

Name Desirable value
Current (I) A 200
Voltage (U) volt 15
Speed (S) mm/s 10
Temperature (TJC 1500
Longitudinal distortionD1) mm 1.17
Transversal distortiofD2) mm 0.70

3.13Discussion

3.13.1Interaction effects of weldingcurrent and voltage on distortion

As can be seen iRigure 3.23 and Figure 3.26, the longitudinal and transversal
distortions increase with increasing voltage and current because both have a positive
relationship with distortion. The longitudinal and transversal distortions are at their
maximum valuesf 1.68 mm and 1.01 mm, respectively when the welding current and

voltage are at their maximum values.

3.13.2Interaction effects of welding current and welding speed on distortion
The interaction effect of current and welding speed on distortion is shown in
Figure 3.24 and Figure 3.27, the current has a positive relationship with distortion,

while speed has a negative relationship. As result, the value of distortion increases with
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the increase in current for all values glesd. However, the rate of increase for
distortion gradually decreases as speed increases from its lower limit to upper limit.
The longitudinal and transversal distortions are at their maximum values of 1.74 mm
and 1.06 mmrespectivelywhen the welding auent is at its maximum value and speed

is at its minimum value.

3.13.3Interaction effects of welding voltage and welding speed on distortion

The distortion increases as voltage increases for all values of speed. However, the rate
of increase for distortion gdaially decreases abe speed increases as shown in
Figure 3.25 and Figure 3.28. The longitudinal and transversal distortions are at their
maximum values of 1.74 mm and 1.06 nmespectivelywhen the welding voltage is

at its maximum value and speed is at its minimumezalu
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CHAPTER 4

EXPERIMENTAL STUDIES

4.1 General

This chapter is devoted to the experimental studies and divided into six sections. In
section 4.2, the delivery conditions and chemical compositions of substrate and
additivefiller metals are introduced. Section 4.3 deals with bupdof the wire arc
additive manufactured layers. Inspection procedures for integrity assessment of
additively manufactured beads were addressed in section 4.4. This section is followed
by sections4.5 and 4.6, which give the descriptions of mechanical and
metallurgicalcharacterization techniques, respectively. The last section 4.7 forms the
main focal issue of the thesis, as it concerns fracture toughness testing using single
edge notched tensioBENT) specimens.

4.2 Materials

Three different steels have been employed in this experimental work:
1- Super duplex stainless steelled platesgrade 2507 with a thickness of 12 mm
were subjected to the investigation and conformed to ASTM A240 S32750 and
EN 100882 X2CrNiMoN 257-4 (1.4410[73, 74]

2- Austenitic stainless stegtade ASTM A240 316L plates with the dimensions
of 400 mm I 200 mm I 10 mm were used
experiments. This work was focused only on the AM layers and did not include

the interface layer; hence it was meandatory to use SDSS plates as substrate.

3- Grade 2209 duplex stainless stéiér wire which was standardized as per
SFA/AWS 5.9 ER2209 and ISO 14343G 22 9 3 N L was used as the

feedstock material in the firskperimentg$75].

4- Grade 2509 super duplex stainless dfilet wire which was standardized as
per SFA/AWS 5.9 ER2594 and ISO 143435 25 9 4 N L was used as the

feedstock material in the secoexiperimentg75].
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The chemical compositions of steels used are showabte4.1.

Table4.1 Chemical compositions of the steels used (W{¥3, 75]

Material C Cr Ni Mo Mn Si N

Grade 2507 as receive
0.02 247 | 66 3.6 08 | 0.32] 0.28

Plate
Grade 2209 fillewire
0.01 22.7| 85 3.2 15 0.5 | 0.17
for WAAM
Grade2509filler wire
0.01 252 94 3.9 04 | 04 | 024
for WAAM

Grade 316L Plate
( substrate for WAAM

0.03 16.8 | 10.7| 21 | 20 [ 0.75| 0.1

4.3 Wire Arc Additive Manufacturing Procedure
4.3.1Equipment

The system used to perform additive manufacturing depositioangosed by the
integration of two different systems:

1 Welding system. In this work, the seauitomatic Fronius TPS 4000 CMT
power source was used as the WAAM process. This WAAM method provides
relatively lowheat input with high deposition rate.

1 Threeaxis movement system, the motion of the system should be easily
controlled.

The power source used for the described experimental work in this section is shown in
theFigure4.1.

4.3.2Sample Build-up

Cold netal transfer welding techniqgue wased to deposit all beads. A reversed
polarity (electrode positive) direct current (DCEP) between the wire electrode and the

subsrate was used in all runs. Two blocks with the sizd@mm Jd00mm | 30
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mm were deposited using Grade 2209 duplex stainless steel filler metal and Grade
2509 super duplex stainless steel filler metal severally. The substra@races316L
austenitic stainless steel plate. The plate was cleaned to remove dirt, located at flat
position, aligned on the platform manually and clamped by the help of pneumatic
cylinders. After clamping, the beads are built in a zigzag direction untdyE3s of
material have been deposited using mechanized torch. Schematic WAAM setup could
be seen irFigure4.2. The employed welding parameters whicrgvobtained from
simulation studies in Chapter®ere kept constant for alegosited layers as given in
theTable4.2. To protect the weld pool fromtmospheric contamination a mixture of

Ar + 2% & was used as shielding gas. The real sample which was welded for

investigation is shown iRigure4.3.

S

Figure4.1 Fronius TPS 4000 CMT power source
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Deposit layer®f Grade
2207 or Grade 2509

CMT torch

Deposition direction

Grade 316L
Substrate

Figure4.2 Schematic of WAAM setup

Table4.2 Constant process parameters.

Parameter

Setting

Welding process
Welding position
Average current
Average voltage
Welding speed
Shielding gas flow rate
Contact tube distance

CMT
PA(1G)

200A

15V
10mm/s
18 L/min

12mm
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Figure4.3 Real WAAM6 damplefor Grade 2509

4.4 Integrity Assessment of the Additively Manufactured Beads

Deposited beads performed by WAAM were visually inspected to check surface
imperfections. To examine possiblelumetric discontinuities, Xay radiographic
examination was applieaccording to ASTM E174fZ6] and films were evaluated as

per the requirements and definitions in ASME BPV Code SectigddK The quality

level employed for radiography was 2 %22 using holaype 1QI).
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4 5 Mechanical Characterization
4 5. 1Tensile Test

In order to determine mechanical properties (strength and ductility) of the super duplex
stainless steel, tensile tests were carried out with a universal tensile testing machine
(BESMAK BMT-E series) sing round shape tensile samples which were prepared
according to ASTM E8 standafd8]. Figure 4.4-a shows the dimensis of the
samples. Five samavere cut from the received plate of SO&&de 2507 as shown

in Figure4.4-b. Moreover, as depicted Figure4.4-c, two samples were sectioned
from the adiitively manufactured plate of SDS3ade 25009.

(b) ©

Figure4.4 Tensile tessamples
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4 5.2Hardness Test

In order to investigate the effects of the thermal cycles on the hardness, Vickers micro
hardness measurememisre taken alonthe deposited materiaf Grade 2509The
indentations were made under the load of 0.5 kg over 10 s with a distance of 0.3 mm
between the indentations. Sections perpendicular to the deposition direction were cut,
prepared and examined in the etched condifidre specimens were prepared and
tested according to ISO 6507 standai@].

4.6 Microstructural Examination

Because of critical effect of microstture upon the fracture behawiof a material,
thorough analysis of the microstructure was required fordhed plate grade 2507

and additively manufactured layen$ Grade 2509 SDSSSamples were extracted

from rolled plate as well as additively manufactured layers and subjected to
metallographic examination. Samples were-ftnounted in conductive bakelitnd
grinded for macreetch inspection with different grades of SiC papers which is helpful

in making sure whether imperfections are present or not. For microstructural
examinati ons, speci mens were further gri
colloidalalumina suspension. The samples were etched using the etchant that contains
20 ml HCI+20 ml ethyl alcohol+1 g CuLIThe samples were examined using optical
microscope (OM) to measure the size of grains as per ASTM [BD]2and volume
fraction of phases by manual point count as per ASTM H86Pand by an image

analysis software as per ASTM E12482].

4.7 Fracture Toughness Testing using SENT According to BS 8571

As ecified in the BS 8571 standard SENT specimens were machined with a square
crosssection62]. The specimen dimensions, including initial crack length, are shown

in Figure4.5. For the base material characterization, the six specimens were taken out
from the SDSS aeeceived plate, for the WAAM characterization, the other six

specimens were taken out from the def@osEDSS.
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Figure4.5 SENT specimens

All the specimens were notched using electtbo s c har ge machi ni ng,
wire to reach an initial crack length of 4 mis depicted inFigure 4.6, the notch
orientation of theolled platespecimens was parallel the rolling direction and for

the WAAMO d pdpexitmens the notch orientation wperpendicular to the
depositiondirectian.

(b)

Figure4.6 Orientations of th&ENT samples(a) As-received plate(b) Additively
manufactured sampl&rade 2207
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For the deposited 2509 Grade SDSS characterization, the othspesixnens were
taken out from the additively manufactured paere the study was focused on the
overlapped heat affected zone (OHA8)depicted ifrigure4.7. The(OHAZ) phrase
hereis definal as the critical zone that is affected by heat more than Gacthat, the

location of precrack was chosen carefully.

Fusion lines Weld metal

Overlapped
HAZ

Figure4.7 SENT specimens place and orientation in HAZGrade 2509

The notched specimens were fatigue -gnacked in threg@oint bending (see

Figure4.8) at room temperature within the limits of ISO 12135 stanfétH The pre

crack length was chosen to be 1.5 mumiversal tensile testing unit was used to
conductthe fracture toughness tests at a temperatwe 6AC, whi ch i s t h
service temperature for the offshore equipment to be manufactured out of SDSS.
Localized cooling was applied to cool down the specimens wsifigw of liquid

nitrogen vapoas illustrated irFigure4.9.

Tests were performed at a range of crack extensions between 0.45 mm and 0.90 mm
for the specimenom asreceived rded plateand between 0.3 mm and 1.08 mm for

the WAAM specimens which satisfied standamiteria (0.2 mm to 20% of the
specimen ligament (Véo)) [62]. The results for eacdpecimen (load vs. CMOD) were

used to provide one point on the L&ve.
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- -

Figure4.8 Fatigue precrack

Figure4.9 Fracture toughness test setup
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4.7.1PostTest Measurements

After executing the SENT tests, measurements of the samples were taken, and data

analysis is carried out to determine a value for the fracture toughness. First, heat tinting

was performed orthe specimen$y heating them up t8 0 0 A C.
quenched in a bath of liquid nitrogerl (9 6 A C)

Then

brittle behavio of thequenchedampleghey were broken without anurther plastic

fracture behavio

High resolution images of broken samplesye taken. As prescribed by the ISO 12135

t hey

before.Dub®the wer e

standard, nine reference measurements points were plotted on each image as indicated

in Figure4.10 [61]. The outer two positions aheasuremerdre taken at 0.01 times

the total sample width, and the remaining 7 measurements are spaced evenly with each

other. Image analysis software Imag@3] was used to perform the measurements.

The value of ais obtained by equation 4.1.

-~ OO Q O T

o «Q

Measure initial and final

crack lengths at positions 1 to ¢

Not to scale.
Reference lines.
Crack plane.
Machined notch.
Fatigue precrack.
Initial crack front.
Stretch zone.
Crack extension.
Final crack front.

Side groove.

Figure4.10 Measurement of crack length [59].
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4.7.2Calculating J
J shall be calculated at the assessment point using equation (4.2):

b0 0 — — (4.2)

O Ogop ¢ (4.3)

where

Je = elastic part of the-thtegral which directly linked to the Stress Intensity Factor K.

Joi = plastic part of the-ihtegral.

E6G = E for plane stress (E is Youngos

3 iisssPomnds ratio.
bo = (W-a) is the remaining ligament.

aois the initial crack length.

dp is a dimensionless function of the

Up is the area under the plastic part of the load versus crack mouth opening

di spl acement (CMOD)Figare4ril).e, i n ( NL mm)
Y
A
\ |
|
|
|
\ |
|
|
I
; |
\ |
|
|
|
|
" |
|
|
0 [
l“IF' Ve }{
Key

X Ciack mouth opening displacement
Y Applied force
1 Line parallel to the elastic part of the labgblacement trace (line 0A), offset
to intersect at the point of assessn. .nt
Figure4.11 Load versus CMOD curve
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Stress Intensity Factor K for clamped specimens shall be calculated using equation 4.4

O 8—8 “O -

where:

0O— B 0o —

where tf or H/W = 10 are as foll ows
i ti i ti
1 1.197 7 136.137
2 12.133 8 51.215
3 23.886 9 16.607
4 169.051 10 152.322
S 100.462 11 18.574
6 141.397 12 19.465

J is calculated using equation 4.2 and equation 4.6:

f ool Wo@s0O and

— B o —
Wheritodh H/ W = 10 ar as

i A i A
0 1.000 6 177.984
1 711.089 7 38.487
2 9.519 8 101.401
3 148.572 9 43.306
4 109.225 10 |1110.770
5 173.116

4.7 .3Definition of the R-curve

The dataverep| ot t ed as fracture
The JR curve line was fitted to the test data as a lewemd to crack extensions
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between 0.2 mm and the maximum crack extension from the testadathpwn in
Figure4.12,

The Rcurve equation form was:
0 & 3w (4.7

where m, | and x are constants

Y | |
| |
™ o
S L —
-
| |
L ]
| |
1+-————+m»
| |
0.0 0.2 20% | W-ap) X
Key
Fitted Rcurve, extrapolated to 0.2 mm crack extension to deterdfieor
uo0.2
1 Initiation value of fracture toughnesk).2 ori 0.2
1 Data withgpa< 0.2 mm opa> 0 . W2- adl) mng: excluded from curve fit
but plotted
Data used in fitting the ®Rurve

X p&mm)
Y CTOD,)

Figure4.12 Fitting the Rcurve to the SENT crack extension data
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CHAPTER 5

RESULTS AND DISCUSSION
5.1 Background

This chapter presents the experimental results, including mechanical characterization
and microstructural analysis of specimens. Fracture toughness resasteoéived

rolled plateand additively manufacturgqalatesare also preséed.
5.2 Integrity Assessment of the Additively Manufactured Beads
5.2.1Appearance and parts characterization

Top, side and frontviews of thewire arc additivelymanufactured sampigith plates
of Grade 2509 SDSiS shown irFigureb.1, displayingthe added beads direction and

the final height which was approximately 30 mm.

\M ~3

Figure5.1 Additively manufacturegblatesof Grade 2509
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5.2.2Macroscopic characterization

A sample from transverse sidef WA AMO6 d p | a dssho@rifglre522 50 9
was taken for macroscopéxamination. The macrimnage of the samplshowsthe

layers ofmanufactured parfhe layer bands are in a concave shaqkbthe thickness

of the layers variesetweer2 mm to 3 mm.

Fusion lines

Figure5.2 Macroimage of the crossection of the additively manufactured sample
of Grade 2509

5.2.3Radiographic Examination

After visual inspection, the top and side surface of additively manufactured part was
machined as shown iRigure 5.3-a, and Xray radiographic examination waone
aaccording to ASTM E174§76], and radiographs dfigure5.3-b were evaluated as

per the requirements and definitions in ASME BPV Code Sectigi1X The quality

level employed for radiography was 2 %42 using hole typdQl).

The additively manufactured part was free of cracks and no lack of fasion

volumetric discontinuitiesveredetected.
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(b)

Figure5.3 X-ray films

5.3 Microstructure Characterization
5.3.1As-Received Product Forms

As-received Grade2507) super duplex stainless steel rolled glaeelongated ferrite
and austenitgrains in the rolling directiarAn optical micrograph of this material is
shown inFigure5.4. The dark phase is ferrite and the bright phase is austenite in the

wrought microstructre.

S :
o’ L R
Ly ""::,.,\ .',. W 2

Figure5.4 Microstructure ofAs-receivedSDSSGrade 2507 (100X)
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5.3.2WAAM deposited beads

For microstructural examinatigrfour samples were taken from the sgleface of

deposited beabf Grade 2509 SDSflates two from fusion line between beads, one

above the fusion linédweld metal)and one below the fusion lineverlapped heat

affected zone (OHAZ)as shown irFigure5.5.

The revealed microstructures of various positions in the additively manufactured beads

are shown inFigure 5.6 to Figure 5.9. The fusion linel and 2 microstructures are
illustrated inFigure 5.6 and Figure 5.7 respectively. The microstructure contains a
mixture of primary and secondary austenite.

Figure 5.8 shows the microstructuref the lower fusion linewhereWi d manst att e
austenite formed because thie reheatingof the underlying layer. The secondary

aust epiist fermed drom the metastable ferrite at a lower temperature.

Wi d man st mtergrenolamaunsdt eni t e become yner at th
line, due to a higher cooling rate, as showRigure5.9. The high cooling rate of the

top layer is caused by convection and radiation without any further heat accumulation.

o~
()
=
=
2
%)
=t
[

Fusion line 1

Figure5.5 Microstructural examination points
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Austenite

Austenite

=y

Ferrite” "Austenite

: Ferrite
Ferrite

intergranular austenite

e

Vs R R

(b)
Figure5.6 Microstructures of fusion line,1a) 290X magnification and (b) 1160X

magnification
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WH P avarn/satid tate

23\

Secondaryaustenite

R

(b)
Figure5.7 Microstructures of fusion line,2a) 290X magnification and (b) 1160X

magnification

90



Ly

Iptergranularausteniie

Secondary-austenite /

A

Wit - dma s =3t -t7e

Alistenite

(b)
Figure5.8 Microstructures ofOHAZ) lower fusion ling (a) 290X magnification and
(b) 1160X magnification
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(@)

(b)
Figure5.9 Microstructures ofveld metalupper fusion ling(a) 290X magnification
and (b) 1160X magnification
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