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Preface

This doctoral thesis addresses the study of the corrdsbaviorof novel alloys developed for
Additive Manufacturing (AM)in aggressive industrial environments. The research actogtysed

on materials fogeothermal energy systems due toghesence ofombination of high temperatures,
aggressive chemical species, and acidic and reducing fluids.

The thesis investigatéle two families ofmetak commonly employeth the harshest conditidor
geothermal sectorsickelbased superalloys and titanitbased materials. The experimental work

first introduces both material families through failure analyegeesent and study the mechanism

of the most critical degradatigghenomena that could occur

Subsequently, the research focuses on the investigation of these materials when prodakked via
technologies, adopting different approaches depending on the material system under study. Alloy
625, which is already widely used &AM, wasanalyzedoy comparing different AM technologies in

order to deepen the understanding of these emerging production routes and to assess their influence
on materiabehavior

Alloy 725, which is relatively new to thAaM field, was instead selected for a complete material
recovery cycle Endof-life components are processed to obtain reusable feedstock, which is
subsequently employed fédM. The newly produced material was characterized in the laboratory
and tested directly under the original service operating conditions of the dismissed component. The
results are promising and lay the foundation for the integration of elospdnaterials irgeothermal

sectors througAM.

Finally, titaniumbased alloys were investigated and compared under reducing acidic conditions,
which represent the most critical environments fordtadility of their protective oxide layer. The
results enable a comparison between different additively manufactured matghigisniumGrade

5 and its enhancezbrrosionversion Grade29), in order to evaluate their corrosion resistance.



Context of the PhD project and MICS i Made in Italy Circolare e
Sostenibile (Spoke 6.04)

This doctoral research wascluded inthe Italian National Recovery and Resilience Plan (PNRR), as
part of the MICS Made in Italy Circolare e Sostenibile research program. MIG8nded by the
Ministry of University and Researdmnd isdivided into 48 applied research activities developed
within the 8 SpokesThe aim of the MICS is tetrengthen the competitiveness and sustainability of
Italian industry.This doctoral research belongs3poke 6.04vhich focuses on the development of

new alloys with impoved properties and reduced environmental impachfidrmpowder production.

Within the scope of this Spoke, the present PhD project is positioned at the final stage of the research
chain. While other project partners were primarily involved in the production of new powders from
waste materials and in the development of novel glldlge aim of this PhD project was the
characterization and qualification of novel materipteduced by means oiM for industrial

aggressive environments



Thesis overview

This doctoral thesis investigated the corrosion behavior of novel materials developed fior

highly aggressive industrial environments. The main industrial sector considered in this study is
geothermal energy, which shows significant interest AWM technologies for applications
characterized by severe operating conditions.

As afirst step, the work presented tease studies of failutbat occurred in geothermal applications,
focusing on the two main families of materials commonly adopted in aggressive environments:
nicketbased superalloys and titanium alloys. These case studies highlighted the most critical
degradation mechanisms thaay arise in the geothermal sector. For nidladed superalloys,
inadequate material selection with respect to the aggressiveness of the geothermal fluid may lead to
localized corrosion anstress corrosion cracking, whereas titanium alloys may be exposed to the risk
of pitting corrosion or hydrogen embrittlement under unfavorable operating conditions.

The first experimental activity investigated how differeAM technologies influence the
microstructure, mechanical properties, and corrosion behavior of AlloyTé25esults demonstrate
thatAM technologies cannot be considered equivalent in terms of resulting matedatgualorhe
microstructure of Alloy 625 is strongly affected by the manufacturing process employed, which in
turn influences both the mechanical and corrosion behavior of the maeaahing Kelvin Probe

Force MicroscopyYSKPFM) analyses further revealed thaM routes not only affect the distribution

of carbides, but also their nature, thereby significantly altering the susceptibility to intergranular
corrosion.Among the analyzed technologies, LPBF and DED emerged as the most promising AM
routes for producing Alloy 625, yielding materials with good mechanical properties and no evidence
of sensitization. Binder Jetting showed promising potebtiafurther effort is requiredin process

and pos{process to obtain a material comparable to fubased AM

In addition, the thesis explored the feasibility of qualifying advanced materials produded by
through a complete material recovery cycle. Starting frorsegxice turbine blades Alloy 725

from a geothermal plant, the material was atomized and reused as feedstock for the LPBF process to
produce new specimens for qualification.

The recovered material exhibited excellent mechanical properties already inkihiét asndition
howeverthe best mechanical properti®as achievedfter precipitation hardening.orrosion testing

in acidic chloridecontaining environments showed excellent behavior comparable to the original
material. LPBFmanufactured specimestioweda higher susceptibilityo intergranular corrosion

but the primary cause of sensitization was associated with the precipliatiening treatment.
1



Field exposure tests were designed to replicate the environmental operating conditions experienced
by turbine blades undé&ew Point(DwP) conditions. The results validated Alloy 725 produced by
LPBF, both asbuilt and precipitation hardenednd Alloy 625 produced by DED as excellent
materials for turbine blades operating in diregtle geothermal plants. These outcomes open
relevant industrial perspectives for the implementation of advanced materials and more sustainable
manufacturing routein the prodation of geothermal system components.

Corrosion tests in reducing acidic media on titarlesed materiaindicated thatAM does not

exhibit significant alterations in corrosion behavior when compared with their conventionally
manufactured counterparts. Instead, alloy dbhahcompositionis crucial togoverning corrosion
resistance under reducing acidic conditions. In particular, aluminum was found to be detrimental to
corrosion performance; while alloying elements such as niobium, molybdenum, and ruthenium
significantly enhance the stabilibf the passive oxide layer and improve resistance to degradation in
aggressive environmenibBhe Ti6AI-2Sn4Zr-6Mo alloy exhibited a corrosion behavior comparable

to reference alloy specifically designed for high corrosion resistance in reducing environments,
demonstrating its suitability as the most promising candidate for such applications.

On the other sidejtanium aluminides showed that a high aluminum content compromises the
stability of the protective oxide. However, the-4BAI-2Cr-8Nb alloy exhibitedunexpected
performance in boiling magnesium chloride solution, suggesting further investigation may be
worthwhile forevaluate this material f@pplications in moderateBcidicenvironments.



Chapther 1.  General introduction

1.1 Metal AM : techniques and applications

It is important to recognize thAM does not represent a single processing route, but rather a family
of technologies characterized by significantly different energy sources, thermal histories, and
consolidation mechanisms. The general terminology and principhdd afre defined in ISO/ASTM
52900:2021, while process qualification guidelines are addressed in ISO/ASTM 52920. According to
ISO/ASTM standardsAM technologies are classified into seven main categories based on the
bonding mechanism and feedstock type. Among these, four procesedaare currently most
relevant for metallicAM, namely Powder Bed Fusiqi®BF), Directed Energy DepositiofDED),
MaterialEXtrusion(MEX) and Binder JettingBJ) [1].

While the specific material deposition strategy, bonding mechanism, and feedstock type vary
depending on the AM process considered, all technologies share &ydgger construction
approach. As a consequence, materials produced by different AM roategxhibit markedly
different microstructural features, defect populations, and material properties, even when the same
nominal alloy composition is employé¢2].

One of the most established industAd technologies for metallic materials is Powder Bed Fusion.
This technology can be further divided into two main variants depending on the energy source
employed. When a laser beam operating in an inert gas atmosphere is used, the process is referred tc
asLaser Powder Bed Fusion (LPBF). In LPBF, a thin layer of metallic powder is selectively melted
according to the component geometry. After solidification, a recepteads a new powder layer

over the build surface, and the process is repeated in digyayer manner until the final component

is obtainedFigurel).
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Build chamber

Powder store

Loose metal powder

Metal part
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Figure 1 - Schematic of aLPBF machine[1].

When the energgource consists of an electron beam, the process is known as Electron Beam Powder
Bed Fusion (EBM). In contrast to LPBF, EBM operates under vacuum conditions rather than in an
inert gas atmosphere. The use of an electron beam allows higher beam powaegemuélt pools,

and the powder bed is typically preheated to elevated temperatures. This results in lower thermal
gradients and reduced residual stresses compared to LPBF, but also leads to coarser microstructures
and lower geometric resolutio@verall, PBF are technologiehat stand out from the othefdV
techniquesby with high dimensional accuracy and relatively low surface roughness, making it
particularly suitable for complex, higbrecision part$3,4].

Directed Energy Deposition (DED) technologies are also widely adaptediustrial application

such agemanufacturing, cladding and repair operations. In DED, the metallic feedpta#ier or

wire) is depositeddirectly on the surface of a substratberea focused energy sourckser or
electron beam, create a melt pdditerial is deposited and consolidated in a single step, enabling
the direct fabrication or modification of components.

Compared to powder bed fusion systems, DED offers significantly higher deposition rates and greater
flexibility in terms of component size. These characteristics make DED particularly suitable for the
manufacturing of largecale components, the additionfenctional features onto existing parts, and

the repair or refurbishment of high valadded components. In addition, the capability to deposit
material locally allows DED to be effectively integrated into hybrid manufacturing routes combining

additive and subtractive processes.



1.1- Metal AM: techniques and applications

However, DED processes generally result in lower geometric resolution and inferior surface finish
compared to powder bed systethee to alarger melt poolspot Therefore postprocessing steps

such as machining are often required to achieve the desired dimensional accuracy and surface quality.
Despite these limitations, its suitability for cladding and remanufacturing operations makes DED
highly relevant for sectors characterized by severe service conditions and costly materials, where
extending component lifetime and enabling material recovanyprovide significant economic and

sustainability benefitgl,5].

Robotic arm Powder feed —

Sheilding gas

Energy source

Melt pool

Deposited metal

Turntable ‘ o i ; _ Heat affected zone

Figure 2 - Schematic of aDED machine[1].

Despite these differences, both LPBF and DED technologies share a common limitation: relatively
low production rates, which can restrict their industrial competitive¥e6s7]. To address this
challenge, a new generation AM technologies for metallic materials has emerged, based on a
fundamentally different printing concept.

In these approaches, metallic particles are not consolidated through melting during the printing stage.
Instead, the shaping process relies on the use of a temporary binding phase, typically a polymeric
binder, which holds the metal powders together in-eatled green part. By avoiding-gitu metal

melting, these technologies significantly simplify the printing system, as they do not require
controlled inert atmospheres, complex safety systems, or the precise management of a molten metal
pool. As a rest) printing equipment can be more cesfiective and operate under less stringent safety
requirement$l,8,9].

Following the shaping step, the printed green parts undergo dedicatqurquestsing treatments,
including debinding to remove the polymeric binder and sintering to achieve metallurgical bonding
and densification of the metallic powdd&10]. These sintebasedAM routes have therefore
attracted increasing interest as a potential solution to improve production efficiency and reduce
manufacturing costs, especially for applications where high geometric resolution is not the primary

requirement.
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Among these technologies, Material Extrusion (MEX) has gained particular attention. In MEX, a
thermoplastic filament charged with metal powders is extruded and deposited layer §]layer

Metal filament
Metal filament -

Pitch roller feed

Heater element

Build platform -

Figure 3 - Schematic of a MEX machine[1].

Despitethe advantages associated with this approach, including simplified equipment and potentially
higher productivity, previous studies have demonstrated that-ptB&essednaterialmay exhibit
elongated and interconnected madedects with a periodic arrangemenihese defects were shown

to be strongly dependent on the deposition strategy, highlighting the need for careful process
optimization and material qualification when sirbarsed AM technologies are employ8dl1,12]

Figure 4 - 3D void structure of Alloy 625 produced by MEX[11]

Another promising metgbolymer AM technology is BJ, which consist in a powder bedjriziéad
of selectively melting the powder, a liquid binder is selectively deposited to locally bond the particles.
6



1.1- Metal AM: techniques and applications

Despite MEX, BJ ddefecssnnduced pyrthe seehndlogy mraaess.oNevertheless,
alsoBJ still faces challenges in achieving full densification, as a technology less extensively studied
than fusiorbased AM routef8,13,14] Nowadays, research interest is focused on sintering parameter
optimization and possintering infiltration, where a secondary metal is introduced into the joqen

network to improve density and structural integf&yl5,16]

Loose powder

Figure 5 - Schematic of a typical BJ machingl].

The key advantage &M processess the ability to produce components withmplex formswvithout

the constraints associated with traditional manufactulikey undercutsand internal cavities. In
conventional subtractive manufacturing, the realization of such fedioniés the designrequires

multiple machining steps, dneassembly of several pafts.

Moreover, in AMthe geometric complexitl o e s n 6t af f ect t h atraditomad uct i
manufacturing, the cost of a component increases with the commexitthe number deaturesn

the objec(2,17].

Despite these advantagé@d also presents intrinsic limitations. One of the major drawbacks is that

it is not as efficient in mass production as conventional manufacturing technologies. Traditional
processes such as casting, forging, or machining remain significantly moreffedste and
productive for large production volumes. Therefore, the decision betwbtrand traditional
manufacturing methods is strongly dependent on the specific application requirements in terms of
component complexity, produot volume, and cost efficien¢$].

One major driver for the adoption of AM is the improvement of component performance through
advanced design strategisach as topology optimization or the integration of internal cooling
channels, which can enhance thermal management and mechanical efficiency in applications such as

aerospace and energy systdig.
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The reduction of assembly steps through part consolidation in another winning application of AM for
simplifying production processes bgombining multiple components into a single additively
manufactured pafig].

Weight reduction representhe most important reason of adoption of AM in sectors such as
aerospace, race and automotivieere optimized geometries and lattice structures can significantly
decrease component mass while maintaining structural irt¢b@it

AM also plays a crucial role in rapid prototyping and product development, as it eliminates the need
for dedicated toolig. This capability supports innovation cycles and reducestirnearket for new
product$2].

The application ofAM in industrial contexts must be supported by an appropriate material
gualification strategy. As discussed abovdyl includes multiple processes characterized by
fundamentally different metallurgical mechanisms. These range from foaged routes involving
extremely high solidification ratesuch asl0>-10° K/s in the cas&.PBF and forDirected Energy
Deposition, where lower cooling rates, typically in the rangd10* K/s, and more complex
thermal cycles are involved. In contrast, sisiasedAM routes rely on powder consolidation through
solid-state diffusion during pogirocessing heat treatments rather than rapid solidification from the
melt[2,3,20}]

As a consequence of these distinct processing conditions, additively manufactured materials can
exhibit microstructures that are markedly different from those obtained through conventional
manufacturing routes and are highly specific to both the alloyesysind the selected AM
technology. Such microstructures may include-equailibrium phase distributions, characteristic
grain morphologies, residual porosity, and heterogeneous defect populations. As further discussed in
Chapter 2, these features can hawignificant impact on the mechanical and corrosion properties of

the material and, in some cases, may represent critical factors limiting component performance.

1.2 Corrosion and material selectionin geothermal sectors

Geothermal energy systems represent one of the most aggressive industrial environments for metallic
materials.Geothermal plants convert the heat stored in the subsurface into usable energy through
different technological configurations, including diregtle and indirectycle power plants, as well

as heat exchange systems for district hedfagl2] The choice of the plant configuration strongly
influences both the thermodynamic efficiency of #ystem,and the severity of the operating
conditions[23,24]



1.2- Corrosion and material selection in geothermal sectors

In directcycle geothermal power plants, geothermal fluids extracted from deep reservoirs are
expanded directly in turbines to produce electricity. This configuration allows for maximum
efficiency of a geothermal plantn indirectcycle systems, geothermal fluids transfer heat to a
secondary working fluid through heat exchangers, reducing direct exposure of critical components to
aggressive geothermal med2].

Corrosion phenomena are not uniformly distributed throughout geothermal plants, but affect multiple
components along the fluid path, including wells, piping, valves, turbines, and heat exchangers.
Among these, the most severe conditions are regions wbademsation occurs. In direcycle
geothermal plants, this condition is reached during turbine expa@eothermal fluids are typically
characterized by high temperatures and presspresence of chloridenddissolved gases such as
carbon dioxide (CO) and hydr o gAetheDsR Vofatiledsgecigs M th8 $team phase

are transferred into the liquid phase, leading to the formation of highly aggressidensate
characterized by high salinity and low 25,26} Moreover,DwP conditions are recognized as the

most critical for erosiotorrosion in geothermal well27,28] Under these conditions, the vapor can

no longer be considered dry saturated steam but gplase fluid, which is sufficient to trigger
erosion phenomena. Moreover, there is a synergic corrosion mechanism due to condensates with
acidic pH values and higtoncentrations of chloridg25].

Scaling and corrosion ati@terrelated phenomena in geothermal systems and represent a critical
aspect of material degradation. Geothermal fluids often contain high concentrations of dissolved salts
and minerals that may precipitate as pressure and temperature [2&88¢ As a result, deposits
composed of corrosion products and mineral scales can form on metallic surfaces, particularly in
piping, turbines, and heat exchange equipment. The composition and morphology of these deposits
strongly depend on fluid chemistry aogerating conditionf30]. The presence of deposits does not
necessarily result in a protective effect. While compact and adherent scales may locally reduce
uniform corrosion rates by acting as a diffusion bartieey can promotdéocalized corrosiorin
confined micreenvironmentdetween the metal and the sd&&,29] Underdepositcorrosion have

been reported on both steels and corrosgsistant alloys exposed to geothermal flyzis31]

A wide range of metallic materials has been employed in geothermal applications, depending on the
severity of the exposure conditions and economic considerations. Carbon steels-athoylsteels

are commonly used in less aggressive sections of geoth@ents, particularly where the formation

of adherent corrosion product layers may provide partial protection. However, these materials are
prone to uniforntorrosion andcaling[32].

Stainless steels are widely employed in geothermal systems, particularly in piping, auxiliary

components, and heat exchange equipment, due to their favorable balance between corrosion
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resistance, mechanical properties, availability, and cost. Austenitic stainless steels are commonly
selected for moderate geothermal environments, where operating conditions do not reach extreme
levels of acidity or chloride concentrati¢®0,32,33] Infact, stainless steels are subjected to pitting

and SCC when exposed to steanDAIP condition[25]. Duplex stainless steels generally exhibit
improved resistance to stress corrosion cracking compared to austenitic grades; however, their
performance may still be limited under highly aggressive geothermal cond8B4]

For these reasons, the use of stainless steels in geothermal applications is typically restricted to
environments where corrosion severity can be reasonably controlled or predicted. In more aggressive
sections of geothermal plants, particularly those esghds acidic condensatd3wP conditions, or

high chloride activity, stainless steels are often replaced by corresdtant alloys such as nickel

based alloys or titanium alloy85].

Nickel-based alloys are selected for their excellent combination of mechanical strength and corrosion
resistance; however, not all superalloys designed for-teigiperature applications are suitable for
geothermal service. Inadequate alloy selection mag te localized corrosion or stress corrosion
cracking under geothermal conditig2%,35]

Titanium and its alloys are extensively used in geothermal systems due to their generally excellent
corrosion resistance, which is associated with the formation of a stable passive oxide film.
Commercially pure titanium exhibits negligible corrosion rates moderate geothermal
environments, where acidity and chloride concentration remain lif32®&6] However, under

acidic and reducing conditions, the stability of the protective oxide layer may be compromised,
leading to localized corrosion phenomefi 39]. Nevertheless, titanium alloys may still be
susceptible to hydrogemlated degradation mechanisms under specific service conditions,
particularly in the presence of hydrogen sulfide or-juwfluids.

The geothermal sector therefore represents a high sadded industrial field characterized by
extreme operating conditions, where material performance is a critical factor for plant reliability and
economic sustainability. This context provides a particplattmanding and representative
framework for the investigation of corrosion behavior and for the qualification of advanced materials,

as addressed in the following chapters of this thesis.

1.3 Opportunities and sustainability in geothermal sectors throughAM

AM should be regarded not as a solution to intrinsic corrosion limitations of metallic materials, but
rather as an enabling manufacturing technology whose relevance lies in technical innovation,

sustainability, and economic viabilitfsrom an industrial perspective, AM may offer concrete
10
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advantages for selected components characterized by complex geometries, igfyoratios, or
demanding machining operations. Typical examples include turbine blades, impellers, valve
components, and downhole tool parts, for which conventional mauatifegwould require extensive
multi-axis machining and specialized toolif@g,41]

A comprehensive techmeconomic assessment conducted by Polsky etingestigated the
applicability of AM for different components of geothermal plants #rgecomes economically
advantageous for parts with high geometric complexity, low production volumes, and opportunities
for part consolidation. In particularPBF technologies were shown to benefit when multiple
components are produced within a single bj42143]

Moreover, AM enabldgechnical innovation of geothermsystems, particularly in the design and
realization of components. A clear example is provided by the work of Kabirnajafi[é4jalwho
designed and developedcampact, screviype heat exchanger usind’BF, integrating complex
internal helical channels that would be extremely difficult or impossible to obtain through subtractive
processes. The proposed design eliminates the need for extensive soil excavation and long piping
typically required for conventiat geothermal heat exchangers, significantly simplifying installation
procedures while reducing space requirements and potential leakag®nigke same topiGabau

et al. [45] designed and experimentally validated an additively manufactured counterflow heat
exchanger operating under representative geothermal brine conditions, achieving significantly higher
overall heat transfer coefficients compared to conventionalahdtiube designs.

Compared with conventional subtractive manufacturing routes, AM technologies are characterized
by significantly improved buyo-fly ratios. This aspect is particularipterestingfor expensive
material such asickel and titaniumbased alloys. By minimizing scrap generation, AM contributes

to both economic benefits and a reduced environméoagdrint [46,47]

AM also opens relevant opportunities for repair and refurbishment stratégegpossibility to
restore locally degraded worn regions of higlvalue components can extend service life and reduce
the need for complete replacemddi]. This approach is particularly attractive geothermal
applicationsvhere components operate under severe conditions and material costs represent critical
factors In a detailed LCA of a nickdbased gas turbine burner repair, Walachowicz e}48l.
reported a reduction in global warming potenf@\WP) of up to 85% and a primary energy demand
decrease of 60% when usindg®BF instead of conventional machining and weldirgoout
geothermal sectorBolskyet al.[42] identified DEDas an opportunity to restocemponentshanks

to the possibility torepair onsite or neasite, fewer size constraints, and greater flexibility for

cladding and remanufacturing. Several industrial case studies reported in the literature demonstrate

11
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the successful application AM for the repair of higtvalue components affected by wear, corrosion
or erosion, extending component service life while avoiding full replacei@it 49 51).

An additional economic and sustainabiiglated advantage offered BWM is the valorization of
waste through the recovery and reprocessing ofoditite components into new feedstock powders.
Material recoverythroughAM consist of atomization of egervice components to produce new
powder that can be used as feedstock for AM technidies approach is particularly relevant for
specialty alloys, which often need to be specifically commissi@rmetreduces dependency on
primary raw material extractioRaoufiet al.[52] conducted &CA on nickel powder production for
AM, demonstrating that the use of recycled feedstock can redu€d/ieby more than 96%han
usingvirgin nickeland increas® 99.7% when combined with localized supply chains.

Despite these advantages, the widespread adoptaM af geothermal applications requires further
efforts. The limited availability of geothermgtade alloys in AM form, combined with the need to
qualify newly developed materials produced under -camventional processing conditions,
represents a key bamieThe unique thermal histories associated with AM may generate
microstructures that differ significantly from conventional products, making dedicated studies on

mechanical integrity and corrosion parhance essential prior to industrial implementation.

12



Chapther 2.  Additively manufactured materials for geothermal
sectors

2.1 Nickel-based superalloys

2.1.1 Introduction

The termiisuperalloye was introduced in the third decade of the twentieth century to describe a new
class of metallic materials developed to meet emerging engineering demands-fesiséatt alloys
exhibiting superior corrosion resistance and higher strength comparedémtional stainless steels.
These requirements arose primarily from the rapid development otdmngberature technologies,
particularly in aerospace and power generation sef&8}s

Superalloys can be broadly categorized according to their base element hitaseal) nickebased,

and cobalbased systems. Among these, nidkased superalloys represent the most versatile and
highestperforming class and are therefore consideredeteeence materials for the most aggressive
service environments. Irelmased superalloys offer more cestective solutions for intermediate
operating conditions, while cobdiased superalloys are generally reserved for niche applications
whereextremey high temperatures and wear condition are preggtjts

Nickel-based superalloys were initially developed to provide outstanding resistance to high
temperature degradation mechanisms, such as oxidation and €agpntly, nickelbased
superalloys account for more than 50% of the advanced components employed in modern aircraft
engines, particularly in higtemperature regions where a combination of mechanical strength, creep
resistance, and environmental stability required. However, several alloys have also been
specifically designed to exhibit excellentistance to aqueous corrosion in aggressive environments,
including acidic chloridecontaining media. Thifactor has contributed to theapplicationgas and

oil equipment, power generation systems, chemical processing plants, heat exchanger tubing, nuclear

reactors, marine components, and military and space techndiegiés].

2.1.2 Strengthening mechanisms

Unlike other metallic material systems, such as titanium or aluminum alloys,-ba$sedl superalloys

do not follow a standardized or normative classification scheme. Insteady¢heyeveloped to
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address specific performance requirements rather than to conform to a unified compositional or
phasebased classification. As a resuthe main classification of these materials regards the
strengthening mechanismeeaning solid solution or precipitation harden|sg].

In solid-solution strengthened nickbhsed superalloys, mechanical strength is primarily derived
from the presence @hromium, molybdenumgon, tungstentantaliumand cobaldi ssol ved i n
matrix. These alloys are generally characterized by high microstructural stability, good weldability,
and excellent resistance to corrosion and hot corrosion. Because they do not rely on fine precipitate
distributions for strengthening, they are less sensitin@i¢oostructural degradation phenomena such

as pre@itate coarsening or phase instability during lbe@gn exposure at elevated temperatures.
Representative examples of this family include Inconel 625, Hast¢]l®yloy C-276 and Alloy G

22. These alloys are widely used in chemical processing, power generation, and geothermal
applications, where resistance to corrosion and environmental degradation is often more critical than
achieving the highest possible creep strea@tb5,58]

The precipitation hardenable class is characterizetidoyormation of finely dispersed precipitates
thatgivee x cept i onal mechani cal pr oper t3(AIErg, whileTilh e ma
some all oys, such as al | oywyNbytd &ntribdteats strengtherand d i t
mechanisms. Dislocation motion is effectively hindered by these coherent precipitates, which offer
outstanding higltemperature strength, creep resistance, and fatigue performance. Alloys belonging
to this category incluglthe Nimonic series, Waspaloy, René alloys, Alloy 718, and Alloy 725. The
application of precipitatin-strengthened nickddased superalloys is therefore preferred when high
mechanical strength and creep resistance are required at elevated temperatures, such as in turbine
disks, blades, and other lchdaring components operating under severe thermaimaatianical
stressd$3,56,59]

2.1.3 The role of alloying elements

The material propertieof nickelbased superalloysre primarily governed by the type and
concentration of alloying elements which plays a specific role in determining mechanical strength,
corrosion resistance, and microstructural stabiNtigkel constitutes the base element and forms the
continuous 2 mat r i xcenterdth @ubica(EACE aryistal stdictukey This phdsa ¢ e
provides excellent ductility and structural stability over a wide temperature range and allows high
solubility for many albying element$53].

Chromium is one of the mosnportantalloying elements in nickddased superalloy4, increases

corrosion and oxidation resistant®nk tothe formation of a protective &3 layer on the surface
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Chromium contents typically range from approximately 18 to 23 wt.% in corrosgistant nickel

based superalloys, making it particularly important for applications involving oxidizing or chloride
containing environmen{&3,59].

The addition of molybdenum is commonly employed to enhance resistance to localized corrosion,
particularly in environments that are reducing and acidic. It contributes tessdliion strengthening

of the 92 matrix and si goittingfandccievice togosiennMolyhtdenens r e
contents high enough may cause topologically efieked (TCP) phases to form, which can lead to
decreased ductility and compromised ldagn mechanical integrityp5].

Aluminum and titanium areften added in couple and aused as alloying elements to promote
precipitation hardeningTh ey pr omot e t he $eahichplagiadundanoehtal tola e o1
in providing hightemperature strength and creep resist@ep

Another alloying element commonly used to promote precipitation hardening is niobium. Its addition,
typically in the range ofi®d wt.%, is employed to achieve strengthening through the formatumm) of
precipitates. While this mechanism provides excellent mechanical properties, niobium may segregate
during solidificationorimproperheat treatmeréading to the formation of brittle intermetallic phases

such as Laves phagés)].

Cobalt is frequently added to enhance Higimperature strength and maintain dheatrix stability.

In high-performance superalloys, it is commonly employed as a tuning element to balance mechanical

properties and phase stabil[Ba3].

2.1.4 Alloys for geothermal sectors

Material selection for geothermal systems among nibkekd superalloys primarily focuses on the
Ni-Cr-Mo alloy family, as the most critical requirement is excellent corrosion resistance, particularly
in acidic environments with high chloride con{&3{. Within this group, Alloy 625 (UNS N06625)
represents the reference material for geothermal applications and is extensively used for piping
systems, valve components, heat exchangers, and protective cldd8i68s61] Its high content of

Cr and Mo providesutstanding resistance to localized corrosion and stress corrosion cracking
[25,62]

Another alloy belonging to this family is Alloy 58UNS N06059, which features a higher
molybdenum content, approximately 6 wt.% greater than Alloy 625, and does not contain niobium.
The absence of Nb prevertse formation of certain secondary phases that enhance the mechanical
propertiedut contributes to improved resistance to localized corrosion. As a result, Alloy 59 exhibits

excellent corrosion resistance in aggressive acidic chleodé&ining environments but remains a
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solid-solutionstrengthened alloj63,64] Excluding its high cost, it is a very good alternative to be
used in the construction of geothermal facilities having highly saline brines.

For extremely aggressive geothermal conditions, especially in heat exchangers, piping, and chemical
handling systems, Alloy @76 (UNS N10276f an be adopt estengtheli-de-Cra s ol
alloy with an addition of tungsten having excell@atrrosion resistance in a wide rangesefere
environments.l t Knewn for excellent resistance to pitting and crevice corrosion godd
weldability thanks tdow carbon contenAnother excellent material for pitting and crevice resistance

is Alloy C-22 (UNS NO®22) which is a NiMo-Cr alloy with reduced alloying element content to
balance corrosion resistance and material [68565,66]

However, soligsolutionstrengthened alloyare not suitable for components subjected to high
mechanical loads, such as turbine blades, except when employed as protective claddings. In this
context, Brownlie et a[23] demonstrated the excellent erosmrrosion resistance of such alloys,
highlighting their suitability for surface protection in geothermal applications.

When higher mechanical strength is required, precipitdteodened nickdbased superalloys are
adopted. Alloy 718 (UNS NO7718), widely used in aerospace anetdngherature applications, is

one of the most common precipitatistrengthened alloys andsalso been tested in geothermal
environments. Nevertheless, its lower molybdenum content makes it more susceptible to corrosion
phenomena in aggressive geothermal condifg67] Although Alloy 718 is still employed in

some geothermal applications, it is often used as a benchmark material rather than asranlong
solution in particularly aggressive environmerAsmore suitable alternative is Alloy 725 (UNS
NO7725), which was specifically designed to combine high mechanical properties with enhanced
corrosion resistance through an optimizeeMirbalance. Compared to Alloy 718, Alloy 725 exhibits
superior resistance to localized corrosion and environmentally assisted cracking in acidic reducing
environments, making it more appropriate for critical geothermal components operatin@uwider
conditiong[25].

2.2 Titanium alloys: classification and corrosionbehavior

2.2.1 Introduction

Titanium and its alloys have different properties that make it interesting for various industrial sectors.
This metal is characterized by low density, excellent stretogiteight ratio, good fatigue resistance

and excellent corrosidoehavior[68].
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The industrial interest in titanium alloys started after the second world war when titanium was widely
used in the aerospace sector thanks to their excellent specific strength which is maintained even at
high temperatures. Subsequently, titanium alloysewesed for multiple applications in the civil
engineering, marine and chemical fields due to their high corrosion resistance in numerous aggressive
environments.

The good corrosiobehavioris due to the high reactivity of titanium with oxygen which leads to the
formation of TiQ, a very stable and protective oxide. Moreover, this oxide is considered
biocompatible, so titanium alloys are also used for biomedical imgBM&0]

Pure titanium has two equilibrium structures
phase is hexagonal clepacked crystal structure in equilibrium at room temperature. At 882.5°C
there is an allotropic transformation which gives to the ratarbodycentred cubic structuré (
phase)71].

For alloys, the phase transition temperature varies strongly with the interstitial and substitutional
elements as shown in Figure 1. In fact, the alloying elements of titanium can be distinguished in
stabilizers p stabilizers and neutral69].

The most commort stabilizers are Al and the interstitial elements O, N and C. These alloying
elements extend the field of tikphase by raising tHe+b transition line. Aluminum is the most used
element for this purpose because it has a large solubiliyaimb phases

bstabilizers can be classified into two categ
type and those that promote the formation of
stabilizeb isomorphous are V, Mo and Nb. Sufficient alloying of these elements can make the
phase stable at room temperature. The most common elements in titanium alloys that favour the
formation ofb eutectic are Cr, Fe and Si.

Alloying elements with negligible influence om are considered neutral. They increase the strength

of Uphase by solid solutiofhe most common are Sn and[Zt,72]
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Figure 6 - Effect of alloying elements on phase diagram of titanium alloyj69]

2.2.2 Titanium alloy classification

Titanium alloys are classified conventionally in three main categories according to their position in
pseudebinary b isomorphous diagram shownkigure?.

The first class is namedalloys and it comprises commercially pure titanium and alloys with less
than 2 wt.% ob stabilizer[72]. Alloys that are entirely single phaséave exclusivelyJstabilizing

or neutral el ement s, they dondt show response
resistance and corrositxehavior The neat)alloys are obtained with addition bitabilizer up to 2

wt.%. These alloys are characterized by 10 vol.% maximuoraafl high creep resistance with good
strength level$71,72]

Increasing the amount 6fstabilizer there ar&+b alloys, they support a mixture tfandb phases.
These alloys contain between 10 and 50% piiase at room temperature. They are characterized by
good fabricability and high strength at room temperature. The propertigsbodlloys can be
controlled by heat treatment by adjusting the microstructural and precipitational statesbof the
componenf70]. After fast cooling from thé phase field, a martensitic transformation occurs which

causes an increase in tensile strength, although creep resistance is reduced.
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4 Metastable

a Alloy o+ B Alloy B Alloy Stable B Alloy

Temperature

B Stabilizer concentration

Figure 7 - Pseudabinary section through ab isomorphous phase diagranj69]

The last group is namewalloys and it is composed of metastablaloys characterized by thé-b
field at the room temperature. Conversely, Stéddloys are located where therebisingle phase
field at room temperature, but they do not exist as commercial materials so the ex|firedisps
usually refers to the metastalfiealloys.b alloys do not transform martensitically upon quenching
from b phase field, however metastalbl@alloys precipitate a second phase upgmgwhile stable

b alloys should not be able to be hardened by heat treatfi@@hts

2.2.3 Alloys for reducing acid environments

The excellent resistance of titanium to corrosion in most environments ikve#in. The presence

of a thin oxide film on the surface exposed to environment promote the passivation titanium as long
as the integrity of the film is maintained. This oxidenfis very stable and selfealing in several
environments. Titanium shows outstanding resistance in most oxidizing solutions at any pH value,
for example in salt solutions, including chlorides, hypochlorites, sulfates, and sulfites, or in nitric and
chromic acid solution$69,71,73]

Nevertheless, the protective nature of the oxide film is no more present in a reducing environment.
In these conditions the titanium oxide film becomes unstable and cannot be repaired, especially at
low pH values as shown Figure8 [71], [74].

The addition of alloying elements to titanium can improve the corrosion resistance. Commercially
pure titanium andJalloys exhibit an enhanced corrosioehaviorin reducing acidic solutions with

the addition of a small amount of metals of the platinum group (PGMs). In the commercialized alloys,
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the additions are limited to Pd and H6G9,73,75] PGMs facilitates cathodic depolarization by
providing sites of low hydrogen overvoltage on alloy surfaces and by shifting alloy potential in the

positive directior]76].
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Figure 8 - Pourbaix diagram for the titanium -water system at 25°(76]

The first developed titanium alloys with a smgliantity of Pd were Grade 7 (UNS 52400) and 11
(UNS 52250) with 0.2% Pd. Such an alloys are used in chemically industries for HCI, ¥5&», H

HsPQ, inorganic acids, and acetic, formic, and citric organic acids or for storing media that fluctuate
between oxidizing and reducing conditi@®] They have the most corrosion resistance among the
titanium alloys commercially available, but the cost of these alloys are twice than unalloyed titanium
[75].

Further studies demonstrated that even decreasing the nominal palladium content from 0.2% to 0.05%
maintains significant effect on the corrosieehaviorin reducing environment§69,75]

These alloys with lower Pd content cost 30% less than Grade 7 and they have been successfully
applied in all conditions except for the most aggressive reducing acid environments.

In order, to reduce the excessive cost, Ti alloys containing 0.1% Ru were developebtetigviar
comparable to Ti alloys with 0.05% Pd and a reduction of 20% of the[68%ts

As well the resistance a+b alloys andb alloys to hot reducing acids could be improved by the
addition of PGMSs. In fact, the strengthldélloys is not suitable for all engineering applications. For

this aim,U+b andb alloys have been developed with a small amount of PGMs. The most studied
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alloys with this intention are Grade 5 (UNS 56400), 9 (UNS 56320) and 19 (UNS 58640) which have
given rise to some Pd and Ru enhanced alloys visible iRigfuee9 [771 79]. Moreover it has been

shown that other alloys, bothb andb, also improve their corrosidrehaviorby adding Pd70,80]

i +0.05Pd G24 +0.5Ni E
GS ) +0.1Ru - 629 1
+ 0.05 Pd
+ 3Al 2.5v GIB
69 ) +0.1Ru N 628 1
+0.3 Mo, 0.8 Ni G_Iz
o ] +0.2Pd B G7 Lower O a G”
Commercially Pure IG“’ owero [0
Titanium Grade 2 —
+ 0.05Ru, 0.5Ni B G]S . _LowerN.O‘ . G]4 . _Lower Fe, O‘ ] G]3
+ 3Al 8V 6Cr 4Mo 4Zr qu +0.05 Pd 620
+0.1Ru “ ”LowerFe‘O”
+0.05Pd, 0.3 Co 630 Lower N, O G3]
] + 0.03Ru 0.015Pd 0.15Cr 0.4Ni B 633 1 a Higher O N 634 I

Figure 9 - Classification of titanium alloys for reducing environments from ASTM B 348

Although they do not have an efficiency comparable to PGMs additions, other alloying elements can
improve corrosiobehaviorin reducing acid environments. Contents of molybdenum and zirconium
more than 3% and 8% respectively are exceptionally beneficial, whereas vanadium having minor
importancg69].

Even an addition of nickel improves the resistance of titanium in acid reducing environments, in fact
theGrade 12 with 0.3% Mo and 0.8% Ni is widely used. Grade 12 &adinys with a better strength

and corrosion resistance. However, the corrosion resistance of this alloy is not as good as the Pd and
Ru enhanced titanium alloy69,73,74,81] It has been discovered that a percentage of cobalt in
titanium alloys improves the corrosidrehaviorin boiling reducing acid and in boiling chloride
solutions[70,82]

The other main alloying elements have adverse effect on corrosion resistance of titanium alloys in

reducing acidic environments, especially increasing aluminum levels exceedi6§ 3%
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Alloys belonging tdJ+b group typically have corrosidnehaviorworse than unalloyed titanium. An
exception is TH6AI-2Sn4Zr-6Mo (UNS R56260) that is used in deep, seetl application and in

harsh service environment in oil&gas sector. However, it is less resistant to oxidizing media than
commercially pure titanium

The b group covers several alloys characterized by a high amoubtstdbilizers and alloying
elements in the composition. Some of these alloys have large quantities of alloying elements which
enhance theehaviorof titanium in reducing acid environments.

Ti-11.5M06Zr-4.5Sn (UNS R58030) and -IbMo-3Al-2.7Nb-0.25Si (UNS R58210) have good
corrosionbehaviorunder reduction conditions thanks to the presence of molybdenum and zirconium.
They find application in aerospace, chemical, biomedical and in oil&gas for offshioreAi®ther
appropriate alloy in reducing media is Gradg WIS R58640}hat is used for tubulars and casings

in oil&gas and geothermal well§he alloy Grade 20 (UNS 58645) was also developed with the
addition of 0.05 Pd to extend the tislof applicatiorj70,78]

Ti-15Mo-5Zr and T+15Mo-5Zr-3Al has an excellerttehaviorin reducing environment, especially

they have a good resistance to atmosphere SCC. These alloys show corrosion resistance in reducing
acid environments better than-0i2Pd alloy. They are suitable for sour gas plants for high
atmospheric SCC resistancedaturbine blades for power plants and erosion shield5Mo-5Zr-

3Al possesses superior strength, ductility and toughness-b5Mo-5Zr despite worse erosion

resistancg70].

2.3 AM of titanium alloys

Nowadays, the powders commercialized for LPBF include commercially pure titaniwi),C-

6AL-4V, Ti-6Al-2Sn4Zr-2Mo, Ti-5Al-5V-5M0-3Cr and Ti6Al-2Zr-1V-1Mo. However, most of

the market is formed of powder suppliers who have availabl@i@Rd Ti6Al-4V powders.

CP-Ti obtained for LPBF has been widely studied and the optimization of the process parameters has
solved many of the characteristic defd8@& 86]. In contrast with traditionally manufactured -GP

which is characterized by the phase, LPBF showetd martensitic phase microstructure. The
difference in the microstructures is related to process parameters including linear energy density and
scan speed that affect solidification rf88]. For cooling rate above 3K/s the martensitic phase is
observed with latltlype morphology. LPBF can also reach higher solidification rate that defines finer
lath-type martensite and fine acicular martensitic morphology &t K/8 [85]. The CPTi
manufactured by LPBF showed better mecharbeslavios than traditional one thanks to the fine

microstructure and the martensitic phf&# 85,36]
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In the U+b group, TiBAL-4V is the most widespread titanium alloy and is the one most studied and
utilized for AM technologies. FBAL-4V is usually composed dy-phase and a small amounttef

phase. The microstructure is defined by the solidification rate that changes with production
technology and heat treatment. Wrought and cast components are characterized by slow to
intermediate cooling rates that crebkamellae to formJWidmanstétten laths or Egaked grains

of Uand transformed [71,87] By increasing the cooling rate, the length and thickness of the
lamellae decrease, which increases the mechanical strength. Furthermore, when the cooling rate
exceeds 418/s, theb phase transformstothe martensifitf phase. Thi s transf ol
strength and hardness of this alloy, although reducing ductilifgALF4V produced by LPBF

usually has a microstructure where mosbqthase has been transformed itlo mar {88.nsi t e
However, Kazantseva et Al. discovered that aYCthj mart ensi tic transforn
According to their findings, this transformation can occur in previously manufactured layers where
the material is subjected to an-situ heating and cooling cycld88]. In general, T6AL-4V
fabricated by LPBF is not used in-psnt condition. The ductility is considerably lower than the
same material produced by traditional technologies due to theequilibrium U6 mar t ens i
microstructure and high residual stress. The most common solution is a heat treatment, mainly stress
relieving[89].

The commercialized titanium powders for AM are not suitable for reducing acid environments,
however other titanium alloys have already been produced by LPBF or are under develbpment.

main reasons are the academic research and the industrial advancement regarding the feasibility of
titanium alloys by means of LPBRA. portion of these titanium alloys can be used for applications in
reducing acidic media. In the following studies, the feedstock used have been produced specifically
to research and charadizer new powders for AM. Indeed, the powders of the following publications

are not available on the market but were obtained by atomization @llgyed ingots or by
mechanical mixing of powde{86,90]

The TH6AI-2Sn4Zr-6Mo alloy is the most studied. Carrozza et al. investigated different values of
laser power, scanning speed and hatching distance and discoveréditina¢tric Energy Density

(VED) higher than 40/mn? provide density values markedly greater than 99%. Moreover, the alloy
had a different type of martensite, which is orthorhombicg ) i nst ead of hexago
other U+ b alloys. The samples showed markedly low yield strength and hardness values but
extensive ductility[91]. In this regard, Carrozza et Al. customized heat treatments to assess the
microstructures and the mechanical properties. Annealing temperatures were determined based on
the results of DSC thermograph with the aim of characterize the phase transfornidteofisst

result indicates that annealing at 600°C for two hours completely trandibrid's p h asd+h t owa
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microstructure. As a result, there is a significant increase in strength but also a severe dedrease in
For annealing at higher temperatures, stress relaxation occurred and caused an improvement in
ductility despite a reduction in strend€2]. Peng et al. demonstrated the presence of an orthorhombic
martensite phase in the-bsilt specimens too. They optimized heat treatments to trangforin p h a s e
and harden the material. According to the results, the highest peak of hardness is reached heating at
650 °C for 5 minutes, correspondingtoti4 phase dec o mpandbiphasedd8. i nt o
Hassanin et al. evaluated the hardness and the porosityed-PiSn4Zr-6Mo as a function of the

LPBF process parameters. The minimum porosity results at 773 ¥aite the hardness using 158

J/mn? of VED. Furthermore, hot isostatic pressing was able to eliminate the porosity and decompose
the undesirableb 6 mar t ensi tUamdbphdse$®k i nt o t he

Mizuno et al. studied T15Mo-5Zr-3Al fabricated via LPBFThey made a characterization of relative
density and surface morphology depending on the VED and scanning speed. The result shows that
the surface morphology of the specimens tends to change from a porous shape to a flat and swelling
shape as the outputengy density increases. Differently, the relationship between VED, scanning
speed and relative density is more complex. Low values of scanning speed and VED are always
inadequate, however too highlues of VED can increase the porosity because the gas is entrapped
during the collapse of the keyhalgpe melt pools. According to the inductively coupled plasma
analysis, the concentration of Mo increased during theaggamization and LPBF processasedo

the evaporation of Ti and Al. Finally, these studies characterized phase stability, tensile residual
stresses, tensile properties and crystallographic tej@tiré9].

A Ti-15Mo0-2.7Nb-3Al-0.2Si specimens were manufactured via LPBF by MeSiagentes et al.
achieving an average relative density of 99.9% usii@gAli 4 V (wt%) standard set of parameters
provided by Renishaw. The-aslilt alloy was primarily composed éfphase, with columnar grains
oriented along the build direction and had mechanical properties comparablEstddR2.7Nb-3Al-

0.2Si fabricated by traditional technologies. The same conclusion was made for the heat treatment:
solution treatment and agingtbi alloy precipitated théphase and outlined similar effect compared

to the same alloy produced by rRAM techniqueq100]. Pellizzari et al. produced the same alloy by
means of LPBF and characterized the properties of different heat treatments. A fully mekastable
structure had been obtained inlaslt condition. The precipitation of thme phase occurs with the
agingat 350°C for 2h, with minor changes in strength and a slight reduction in ductility. Conversely,
agingat 650°C for 2h promotes a strong precipitation strengtheniklpbgse and a marked decrease

in fracture elongation. Finally, the heat treatment at 590 °C for 8 h causes a fine precipitation of
intragranularU increasing strength and elastic modulus with no change in fracture elongation.

Furthermore, they assessed the material for biomedical applications evaluating the cytotoxicity and
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mechanicalbehavior with compression tests, cyclic compression tests on bulk materials and
functionally graded porous structuf@®1i 105].

Madikizela et al. manufactured Grade 19 obtaining samples with densities higher than 98%. The
microstructure of the T8AI-8V-6Cr-4Zr-4Mo alloy consisted of columnar epitaxialgrains. The
lackofb martensitic phase ensured higher -@Abct i | i
4V despite the ultimate tensile strenftb6].

Qiu et al. processed palladium modified @Al 4 V by LPBF at a constant laser power of 400 W but

with different laser scanning speeds ranging from 1300 mm/s to 4300 mm/s. The specimens show
optimal porosity except for scanning speeds over 3000 mm/s. domgletely dissolved into the
matrix of Ti64 after LPBF. Moreover, a comparison of the mechanical and cortzehawiorwas

made between this alloy and a free PidGAili 4 V. The results show how the addition of Pd improves
corrosionbehaviomwithout affecting the mechanical characteristics even for test pieces produced for
LPBF[107].

2.4 Powder metallurgy for AM

In addition to the manufacturing process parameters, the properties of the metal powder are crucial
to obtaining printed parts of good quality. Over the past decade, it has been one of the most studied
topics about AM of metals. There are standards, [&@hdnd ASTM, that define how to characterize

AM powders[108,109] Powder characterization is commonly used in publications where samples
are produced using AM. The system that defines how the properties of the powder can affect the
properties of the part is very complex and has still not fully understood. Powdertehstias can

be divided into the properties of individual particles andbiteavios of the powder considered as a
whole. The powder characteristics are defined by the manufacturing process and influence the
property of the final material. The bulk powdeoperties are crucial to have both a homogeneous
spreading and a good packing of powders. In this field, flowability is a very studied characteristic and
there are many techniques to quantifjdit0,111]

The level of complexity is further increased by evaluating the process parameters related to the
powder. They are called-orocess performances and describebtiteaviorof the powder during all

the steps of the manufacturing procdsgure 10 describes the relationship between the powder

characteristics and the properties of the [dar®i 115].
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Figure 10- Relationships between powder properties, bulk powdebehavior, powder
performance in process and the manufactured part quality112]

In practice the most important characteristics are composition, particle size distribution, morphology
and flowability. In accordance with the literature, the difference composition between metal powder
and part is a typical occurrence. The reason ispgbaders are not completely pure or change over
time due to stocking methods and repeated exposures in an AM build chamber envifaddjent
Powders can take moisture or contaminate and lead to an increase in interstitial elements in the part.
This can compromise the mechanical and corrosion properties of the material; a common example
oxygen is titanium. Moreover, the manufacturing processlead to a slight variation in the final
composition. A case already studied in literature has been the undesired vaporization of alloying
elements such as Mg and Zn during the production of aluminum alloys by means[d1 &\M17]

Particle morphology affects the bulk packing and flow properties of a powder batch. The influence
of this property is complex and cannot be answered by simple relationships. However, it is known
that powders with spherical and smooth shapes have bettebildy and packing density than rough

and shargedged particlefl12,118]

The particle size distribution is another important powder property. It defines the minimum layer
thickness and the resolution of the finest detail in the component. Furthermore, it influences the
packing density115,118]

Powder metallurgy is a sector that developed before AM. In fact, some technologies for powder
production such as the water jet and hydrogenatienydrogenation process produce powders that

do not match the characteristics suitable for AM technologiespiwious technologies can be used

for AM if the powder is posprocessed before printind18 120]. A metal powder production
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technology is considered appropriate for AM if it produce powder with a smooth or spherical
morphology and a small particle size. The most common technologies to obtain AM powders have a
particle size that reaches up to 500 um while the LPBF and Electeam BVielting (EBM)
technologies work with powders whose particle size varies respectively from 15 to 45 um and from
45 to 105 un{112,118] Particle size and particle size distribution are always optimized with sieving

or air classification method421].

Atomization is the most common technology for powder production in AM. It consists of two steps:
shearing of liquid metals and freezing the liquid droplets. It can be gas or plasma atomization
depending on the fluid used during the process.

Gas Atomization uses higbressure streams of air, steam, or an inert gat®inize the molten metal.

The ingots are melted in a crucible then the molten metal flow through a nozzle. The solidification
time is long enough to ensure a spherical shape to the pafitdema atomization has metal wire

as a feedstock that is melted and atomized by plasma torches. The material reaches a higher
temperature than gas atomization, this allows the production of highly spherical particles
[118,122,123]

Another technology that produces spherical and highly pure particles is the plasma rotating electrode
process. In this technology, the bar surface is melted by a high temperature plasma. The molten
droplets are ejected from the surface by the interactidheorotation and the gas j¢1.22] The

powder obtained has minimal or no gas pores because the metal droplets are produced by centrifugal
forces, not higkpressure gafl24]. However, this technology is much less common as it has a low
productivity and high cogi25].

Centrifugal atomization is a wedlstablished but not widespread technology. The molten metal in
free fall is sheared by a higdpeed rotary disc in a tangential direction. This technology allows the
average particle size to be controlled by the rotaf@ed. This has led to an increase in the rotation
speed so that the particles are finer and fih2t,122]

Plasma spheroidization is a technology that is highly interesting for the AM sector, as it allows to
obtain powders with highly spherical morphologies starting from powder with irregular geometries
with sharp edges. A gas carries the powder particlegheta@entral confinement tube where there

are electromagnetic fields generated by induction coils. Here, the gas turns into plasma with high
temperatures around 3,00®M,000 K. The plasma partially or fully melts the particles, the surface
tensions reshapbe particles into spheres and then solidify at high cooling rates while falling under
gravity [126].

Titanium is not suitable for all powder production technologies. The main reason is that molten

titanium is very reactive to most common metals and ceramics. The use of ceramic crucibles to
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contain molten titanium results in contamination of the powder produced and wear of the crucible
[122,124] The problem is not present in PA and PREP because the feedstock is not molten metal. In
particular, the PA was intentionally developed to produce titanium pdd@dér. This difficulty is

present in GA, the leading technology for producing metal powders. To overcome this issue,
Electrode Induction Gas Atomization (EIGA) and Plasma Inert Gas Atomisation (PIGA) technologies
have been developed. These processes offeesisuguality of inert gas atomization. The difference

with the traditional GA lies in the heat source for melting, following the molten metal is atomized by
an inert gas flow at high pressure as in the usual technique. The EIGA process uses indig;tive coil
whereas the PIGA process uses a plasmdifiin122,124]

2.5 Standard and qualification of metal obtained by means oAM

In the current market, AM powders are available for a limited number of Ti alloys, although the
qualification of new powders is constantly increagBej.

The main reasons are that the AM industry is recent and still takes a lot of work before achieving a
complete consolidatiorAM technologies have different metallurgies than traditional ¢h23].
Therefore, a complete standardization of AM processes and materials is necessary to guarantee the
adoption of AM parts in industrial applications. ISO and ASTM are the leading developers of
voluntary international standards about AM since 2011. The topios of the standards published

are terminology, characterization of feedstock and AM materials, test methods of AM parts,
gualification principles and design guidelines. The technology that has the most standards is LPBF,
while the materials are nickahd titanium alloy$128]. These standards assess the performance of
AM products for assuring their quality, however they do not cover all aspects about the
characterization and the qualification of the AM parts. A neglected topic in standards until a few years
ago is the corrosimassessment. It is a common knowledge that materials fabricated by AM can have
a different corrosioftoehaviorcompared to traditional on¢$29]. ISO/TC 156 published standards

for testing localized corrosion and environmentally assisted cracking of additively manufactured
metals and alloys. The standards were published because AM produce parts with distinctive
properties and defects that can ing® on corrosiobehaviorand conventional testing methods have
shown limited ability for evaluation of those fact¢t80i 132] There are government institutes and
commercial companies that have developed metal AM standards in collaboration with ASTM and
ISO. Requirements, specifications, testing standards, material data sheets and qualifications were the
main topic of these stdards. Some of these companies are developing guidelines for the

gualification and certification of AM parts for certain industrial sedb?8,133,134]
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A technical committee was established by the Society of Automotive Engineers (SAE) to develop
and maintain aerospace specifications for the use of AM parts.

The National Aeronautics and Space Administration (NASA) published a standard {STHBF-C

3716) and a further specification (MSEBPEC3717) for evaluating AM parts during their
development and production for spaceflight applications. The American Petrbistitute (API)
published 20S Standard for the AM qualification process. The goal was to develop a system for
evaluating AM metal parts for oil and gas se¢1@8]. The Association for Materials Protection and
Performance (AMPP) is also investigating the us&Mfin oil and gas applications. They are creating

a technical report that presents the current state of knowledge and gap analysis on corrosion testing
of metallic materials fabricated by AM35]. For the marine and offshore industries, Det Norske
Veritas (DNV) published the class guideline DM3G-0197 which provides a framework for
approval and certification of materials, products and components fabricated by means of AM through

a systematic qudilcation approactj128,134]
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Chapther 3.  Case study I: geothermal turbine blades made of nickel
based alloys

3.1 Chapter introduction

As discussed ilChapterl.2, when thegeothermakteam expands and approachesDid, highly
aggressive operating conditioase developed due tihe formation of acidic and chlorigdéch
condensates. Ovéehe years, several mitigation strategies have been proposed to limit coerrosion
related damage in geothermal turbines. Prebassed approaches, such as steam washing with
alkaline solutions, can reduce the aggressiveness of the condensates but eanletasa aeplant
efficiency [136]. Consequently, the adoption of CRAs represents a more eefiggnt and,
ultimately, economically viable solution for geothermal applicat[@b$.

In this context, the present chapter reportase studiesf turbine blades manufactured from two
nickelbased superalloys, Alloy 718 and Alloy 725, retrieved from a daogde geothermal power

plant operating undddwP conditionswith no steam washing

The aim of this chapter is to identify the degradation mechanisms developed during service and to
assess the suitability of these alloys for application in aggressive geothermal environments. Alloy 718
is a widely adopted superalloy for hitgmperature tbine components and is currently available for
production through advancédV routes. Alloy 725, on the other hand, has been specifically designed

to enhance corrosion resistance in aggressive environments, owing to its higher chromium and
molybdenum cormint combined with excellent mechanical properfis/]. Particular attention is
devoted to the identification of corrosion and cracking mechanisms, providing the basis for
subsequent material selection strategies and for the development of alternative manufacturing and

material recovery approaches discussetthé following chapters.

3.2 Materials and methods
3.2.1 Materials

The material investigated consists of two turbine blades thad lyadrsof service in a geothermal
plant based in Larderelland provided from Enel Green Power S.PIBGP) The samples were
taken from the most critical stages of the turbine, corresponding to sections where the expanding fluid

reaches dewpoint conditions. The service conditewere estimated in previously study and consists
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3.2- Materials and methods

in a superheated steam at a temperature of 1&80pE 3.5 with 7 000 ppm of chlorides and 60 000
- 80 000 ppm of boric acif25].

Alloy 718 Alloy 725

Figure 11 - Images of exservice turbine blades

The turbine blades are made two different nickel super alloy, knowi@s718 (UNS NO7718)
andAlloy 725 (UNS NO7725), composition visible ifiable 1. Both components were in the aged
condition, with hardness values of 41 HRC Atiloy 718 and 37 HRC foAlloy 725.

Table 1 - Composition of Alloy 718 and 725 following ASTM standards
Alloy Type PREN Ni Cr Fe Nb+Ta Mo Ti Al

ASTM  26.2 50.0 17.0 4.75 2.80 0.65 0.20¢

Bal

B637 299 550  19.0 550 330 115  0.80
718
EDS
288 5263 18.98 1835 564 207 1 0.43
analysis
ASTM 421 550  19.0 700 1.00 .. .
BSO5 53.85 59.0 225 bBab 2754 g 49 OO0
725
EDS
507 56.65 2124 723 399 893 152 03
analysis

3.2.2 Microstructural analysis

Keyence VHX7100 digital optical microscop@©M) was used to document the condition of the
turbine blades after the service and for metallographic purpoZeiss Gemini Sigma 300 field
emission scanning electron microscope (FESEM), equipped with an Ox#midpxobe for energy
dispersive Xray spectroscopy (EDS), was employed to analyze the fracture characteristic and
identify second phase and corrosion produaiigh EDS analysis. To remove corrosion products,
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the samples were pickled in diluted hydrochloric acid with hexamethylenetetramine as an inhibitor
before the fractographic analysis. Mixed acid reagent (15 mL HCI, 10 mLHINONLCH3COOH)

was used to reveal the microstructuxeray diffraction (XRD) analyses were carried out using a
Malvern PANalytical diffractometer equipped with CugKadiation, operating in BragBrentano
geometry. Diffraction patterns were collected in tdeghge 30100°, with a step size of 0.013° and

a counting time of 35 s per step.

3.2.3 Corrosion tests

Corrosion tests have been assessed following standard ASTM G 28 method to evaluate the
susceptibility of intergranular corrosion. Before these tests, the specimens were mechanically ground
with SiC emery papers up to 4000 grit and then polished with ligmmothd suspension. To highlight

the microstructure before OM and FESEM analyses, the samples were also chemically etched with
Kroll 6s reagent for approximately 5 seconds.
with 0.05 mm resolution and weigdtt with an analytical balance of 0.00001 g sensitivity before and
after each test, to measure the weight loss and calculate the average corrosion rates. The cross sectio
of tested specimens was analyzed with FESEM to evaluate the morphology of coktisioii25

in forged condition has been considered as a reference material.

3.3 Results and discussion

3.3.1 Condition of blades after operation

The turbine blades experienced erostonrosion during the service, exhibiting craters on the
surfaces Figure 12). This surface morphology is a characteristic indicator of erosmmnosion
processes and suggests that the blades operated under conditions clogawB. tineaddition to

erosion corrosion phenomenon, turbine blade madeAlloy 718 exhibits a breaking pattern
characterized by long transverse cracks, mainly located at the leading and trailing edges as well as on
the suction sidéFigurel2 D-E).
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3.3- Results and discussion

Figure 12 - Details of degradation in turbine blades A, B) craters of corrosion-erosionof component
made inAlloy 725 and C, D, E) craters of corrosion-erosionand cracks of SCCof component made in
Alloy 718

No cracks were observed in any region of the blade ma#lioyf 725, indicating the full resistance

of this material.Cross section oturbine blade made witi\lloy 718 highlighted cracks with
branching and a predominantly intergranular propagafiagute 13A). The fracture surfacesof
crackswere covered o€orrosion products containing chlorine and sulfeig(re 13B). After the
chemical cleaningthe surfaceshowed an intergranular propagation. All these characteristics are

typical of chloride SCJ138].
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Figure 137 A) Cross-sectionalFESEM micrograph showing a crack in anAlloy 718 turbine blade; B)
EDS analysis of corrosion products inside the crackC) FESEM fracture surface of cracks in theAlloy
718turbine blade.

On the pressure sideg cracks were detectatso in Alloy 718howeverthe crosssectional analysis
revealed aradditional degradation mechanisas visible inFigure 14. In fact, Alloy 718 turbine
blade exhibited localized corrosion attackdike the Alloy 725 component. Despite this difference,

both alloys showed evidence of surface degradation attributable to ecosiosion.

e

Bcalize\d auac{' /

Mag= 75X Signal A = SE2 Mag= 50X Signal A = SE2
WD=10.0mm  EHT =20.00 kV WD=10.0mm  EHT =20.00 kv

Figure 14 - Cross-sectional micrograph of the pressure side of theomponens made with alloy A) 718
and B) 725

3.3.2 Mechanism and cause of material degradation
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The first degradation mechanisnmassociated with the impingement of a tpltase geothermal fluid

on the blade surfacek directcycle geothermal power plantfiese condensates typically contain
aggressive chemical species, such as acidic chlorides, which erthentaterial degradation
through electrochemical processes. As a rethidt,condition is intrinsic to the service environment
and can simply be managed by adopting materials that are excellent for resistance to €orrosion
erosion, including those already applied.

In contrast, other degradation phenomdatected on turbine blade in Alloy 718ich as localized
corrosion and stress corrosion cracking, represtaiiure mechanisrthat should balwaysavoided.
Unlike erosiorcorrosion, these processes are highly localized, difficult to controtamdead to
unexpected rupture

The susceptibility of nickeébased superalloys to localized corrosion and SCC in geothermal
environments is strongly influenced by nickel content andPitieg ResistancdéquivalentNumber
(PREN). A previous stug [25], carried out usinga different geothermal fluidrom the same
geothermal fieldhad alreadynvestigated the resistance to SCC and localized corrosion of corrosion
resistant alloysField exposurdests performed on specimens did not reveal SCC phemonien
eitherAlloy 725 or Alloy 718; however, the latter exhibited localized corrosion phenoraswésible

in Figure 15. Converselythis case of failure analyst®onducted directly on turbine blades revealed
the presence of SCC as well as localized attackdloy 718, demonstrating that this material is not
suitable for this application, particularly when operating in geothermal fluids containing acidic

chlorides.
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Figure 15 - Effect of nickel content and PREN value orA) pitting and B) SCC in geothermal fluid at
150 °C and 5 bar, figure adapted from Cabrini et Al[25]
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The mechanisms of pitting corrosion and SCC are governed by microstrarctLsecondary phases.

In Alloy 718, extensive literatureeportthat theti phase plays a detrimental role in SCC resistance,
acting as a preferential site for localized corrosion and intergranulak. dAtang et al.[139]
demonstrated that the presence of U phase at
toughness, but also acts as a preferential site for the initiation of @tingll as for the formation

and growth of intergranular SCC crackazdanpanah et gl140] investigated for the first time the
initiation of SCC inAlloy 718 produced via EPBF. Their results showed that the additively
manufactured all oy exhibits increased resista
crack formation still occurs via localized dissolution of the matrix in the regions adjacehbgtaisu
boundaries, promoted by local galvanic coupliXing et al. showed that, in tipgesencef U phase,

SCC initiation isanticipatedandthe crack propagation ppedominantlynterganular Similarly, Zhu

et al. reportedhe same findings and discovered tbetck growth is strongly promoted along the
/matrix interface, where the formation of nprotective Nb>Os lead tointerfacial decohesion and
intergranular crack propagatiolm contrast,Alloy 725, for the aging temperatures relevant to the
turbine bladesconsidered in this study, tends to form different types of precipitates at grain
boundarie$141,142] The lower niobium content &lloy 725 reduces the tendency foand Laves

phase formatiomnstead favoring the formation of AC and MC carbideq142. To t he aut h
knowledge, no studies have reported a detrimental effect of these precipit8€C resistance of

Alloy 725.

Themicrostructure of both alloys consists of equiaxed austenitic grains with titaandmitrogen

rich precipitates Kigure 16), which are likely corresponding to titanium nitridds<t3]. Alloy 725

presents secondary phase discontinuodssiyyibuted along the grain boundaries. Differenfiiloy

718 exhibits secondary phases at the grain boundaries but also globulandiMaorich phases

homogeneously dispersed throughout the matrix.
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Figure 167 A, B) Representative microstructures ofAlloy 718; C) EDS line scan performed across

precipitates in Alloy 718; D, E) Representative microstructures ofAlloy 725; F) EDS elemental maps
of precipitates in Alloy 725.

XRD analysisdetected peakst t r i but abl e t-lmased matrix)as reponteal shegurd f c c
17. It is reasonable to thinthat potentiaprecipitates formed during precipitation hardeningtace

fine orhomogeneously dispersedn t he o9 matri x to produce disti
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Alloy 725
—Alloy 718

Intensity [a.u.]

2d[A
Figure 17 - XRD analysis of turbine blade inAlloy 718 and 725

To assess the possible presence of grain boundary precipitates below the detection IR of X
complementary intergranular corrosion tests were performed according to ASTM G28 Method A.
Although this test is not specifically designed to directly evaluate stress corrosion cracking
susceptibility, it can be considered an effective indicator of gbanndary sensitization and,
consequently, of the potential presence of secondary phases along grain bourtaASSIM G28

A tests revealed a selective corassbehaviorin both Alloy 718 and Alloy 725, indicating a
sensitized condition of the grain boundaries consistent with the applied aging heat treatments. High
corrosion rates were measured for both materials, amounting to 1268 nAltbjor18 and 1865

mdd forAlloy 725, in contrast with the referenédloy 725 condition, which exhibited a significantly
lower corrosion rate of 146 mdMoreover, the corrosion morphology observed after testing shows
that, in both alloys, the attack is nebmogeneous but rather localized along preferential paths,
suggesting the occurrence of selective dissolution phenofRgnael8). Even ifthese results alone

are not sufficient to conclusively identify or quantify specific secondary phases, they clearly indicate
that both investigated components are sensitidgdhis generally recognized #se worstcondition

to SCCof nickelbased superalloy$hese findings support the conclusion that the primaugeor

SCCin Alloy 718 is its lowerPREN value which makes this alloyot suitable for geothermal

applications involving aggressive chloridentaining environments.
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Figure 18 - Cross section oflloy A) 718 and B) 725ested according to ASTM G28A

3.4 Conclusion andperspective on the material selectionobtained through AM

Turbine blades operating in geothermal power plants are exposed to highly aggressive conditions
from both a mechanical and a corrospmint of view High mechanical loads require the use of alloys
with superior mechanical performance. In addition, the expansion and cooling of geothermal steam
along the turbine stages lead to BW&/P condition.These settingepresents the most aggressive and
detrimental environmentThe working fluid becomes biphasic, inevitably promoting erosion
phenomena, which can orie mitigated through appropriate material selection.

This study, based on a failure analysis approach, investigated the degradation state of geothermal
turbine blades in order to assess the suitability of two rickséd superalloys for this application.

Both materials exhibited degradation associated witkration in biphasic geothermal fluids,
confirming that erosiororrosion under deygoint conditions is an unavoidable wear mechanism.
However Alloy 718 experienced also SCC and pitting corrosion dugstmwer nickel content and
reduced PRENomparedo Alloy 725

Despite its widespread use in higgmperature turbine applications and its availabilityXit, Alloy
718proved to be unsuitable for geothermal turbine blades operating undgodeveonditions.
Conversely,Alloy 725 exhibited superior resistance to environmentally assisted cracking and
corrosionrelated damage, confirming its potential as a reference material for geothermal turbine
components. HoweveAlloy 725 is currently not commercially available forAM, and onlyone
publication reports the production via AM[144]. In addition, Alloy 725 is a specialty alloy,
characterized by high costs and limited market availability. These aspects providasthv@ngor

the investigations presented@hapther 5which focus on the development and qualificatioAltdy
725for AM through material recovery from edlife components.
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In parallel,Alloy 625 was also considerad Chapther 4This material islready widely adopted in

AM for industrial application. lpossesses PRENvalue comparable toAlloy 725, providing
excellent corrosion resistance in aggressive environments. Howidlogr 625 is not precipitation
hardenable and therefore does redich ayield strengthrequiredfor geothermalturbine blade.
NeverthelessAlloy 625 represents one of the most promising materials for repair and surface

engineering of geothermal turbine components through Direct Energy Deposition technology.
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Chapther 4.  Alloy 625 produced by different AM technologies

4.1 Chapter introduction

Alloy 625 is one of the nickdbased superalloys that has attracted significant interég¥linas it is
available for production through multiple AM routes, including LPBED, MEX and BJHowever,

each of these technologies is characterized by distinct metallurgical histories and consolidation
mechanisms, which may lead to variations in both mechanical and corrosion behavior. This aspect is
particularly relevant for Alloy 625, which is pme to the formation of secondary phases depending

on the thermal istory experienced during processing.

While several studies have demonstrated that Alloy 625 produced by-hesed AM technologies,

such as LPBF and DED, can achieve material properties comparable to those of conventionally
manufactured material, a systematic understanding of novel-baged AM routes, including MEX

and BJ, remains limited. Comparative investigations addressing multiple AM technologies under
identical testing conditions are scarce, especially with regard to corrosion behavior.

For these reasons, the present chapter aims to provide a comparative assessment of the corrosior
behavior of Alloy 625 produced by differeAM technologies. The study focuses on identifying the
influence of manufacturinrqnduced microstructural features on corrosion performaHoe.results
presented in this chapter provide a critical basis for evaluating the suitability of diffeént
technologies for the production of Alloy 625 intended for applications in aggressive environments.

4.2 Materials and methods

4.2.1 Materials

Four AM technologies were considered to prodatiey 625 (UNS N06625): LPBF, DED, MEX,

BJ. Conventional hot working (HW) was studied as a benchmark. EOS Eosint M270 Xtended was
used to fabricate LPBmanufactured cylindrical specimens (5 mm in height and 15 mm in diameter).
The composition of the feedstock pasvdsupplied by EOS Gmbh, is reportedrable 2. Detailed
information regarding the equipment and processing parameters can be found elget@hdpeD
specimens were produced using a cushkunit apparatus equipped with a laser beam and metal wire
feedstock, with composition reported Trable 2. MEX-manufactured specimens were fabricated
using a Metal X system by Markforged, employing a comme#diay 625 powderloaded polymer
filament with composition in accordance to ASTM B443 standaadle 2). Further details on the
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MEX and DED systems, along with their respective processing parameters, can be found in a previous
study from the authofd 1]. Shop Syste®¥ was used to produce BJ cylindrical specimens (5 mm in
height and 15 mm in diameter). Thermal debinding and sintering were carried on with a Shop
System™ Furnace, with a process gas composed of Ar and 3% of ¥blume and a maximum
temperature of the sintering cycle of 1300 °C for 2 hours. Process parameters, gas flow, and further
temperature and time of the cycles are secreted by Desktop Metal and remain undisclosed. Chemical
analysis of B:produced specimerns reportedn Table2. A hotworked bar with a diameter of 16

mm was used as benchmark material. The bar was supplied in the Grade 1 condition, in accordance

with ASTM B446.1ts chemical composition is also reportedrable?2.
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4.2 - Materials and methods

GXeN | L [T Xxew Vmﬁ_w,_ vw%,_ mmmw ‘'e@ | OTI8 |€2loz | | ! m%,_ m%,_ Mmﬁ_\u,_ _\m_wmw
TT°€ | T00 | 200 |66T'0 |E¥Z0 | 99°€ | led | €8 | 9'TZ |T000 | 2000 | 6T0 | G20 |9€00 MH
19'C 1| 1¥00 oo.ﬂov 2200 | 82€ | ‘led | 98 | 96T |¥00°0 |9000 | ¥'0 | 250 | 800 XAN
6T°0 | TOO | TOO | TO | 220 | L¥E | ‘Ted 6 | €2z oo.ﬁov €000 | TOO | 200 | TOO a3a
Gy'0 | €0 | LT0 |TO0> | 8T0 | €€ | Ted | 28 | ¥'2Z |2000 oo.ﬁov €00 | 800 | TOO 49d
L2 ! ! ! 1 | 95€ | red | z6 | 212 ! 1 | 910 | 2Z€0 | 800 rd
o4 el 0D \% 1L aN IN O 1D S d U IS O  |ABojouydssy

"S[ellalew paipnis ay) Jo uonisodwod [eaiway) - Z ajgel

43



Tommaso Persico

4.2.2 Microstructural investigation

Methodology and experimental equipment for metallographic analysis and microscopy investigation
are the same reported in cha@@&2.2i materials and methodexcept for XRD analysiand SKPFM
measurement

The BJdproduced specimens were investigated by means of. Xfasurements were carried out

using a Bruker Advance D8 diffractometer equipped with Glir&diation 6= 1.541 A). The
instrument operated at 40 kV and 40 mA with a step size of 0.01°.

SKPFMmeasurementsere carried outinder ambient condition using a Park Systems NX10 atomic
force microscopeusing a Ptcoated rectangular conductive cantilever (ElectriMulb
characterized by 75 kHz resonant frequency and 3 N/m spring constant. Scans were performed at a

0.05 Hz scan rate and adopting singéss methodology.

4.2.3 Hardness test

Vickers microhardness measurements were carried out using a UHL VMHT microhardness tester,
applying a load of 1000 gf for 15 seconds (HV1). A minimum of 15 indentations were performed on

each sample condition.

4.2.4 Electrochemical corrosion tests

Electrochemical tests were carried out on a circular area with 10 mm diameter. Before the test,
samples were ground wusing SiC abrasive paper s
suspension. All specimens were cleaned with distilled water aaq sdtrasonically cleaned in
acetone, and allowed to passivate in air for 1 hour. Duplicate tests were performed for each condition.
The tests were performed in a 1 L standard teteetrode cell (according to ASTM G5), equipped

with a PTFE sample holder, a Saturated Calomel Electrode (SCE) as the reference, and two graphite
rods as counter electrodes. Prior to testing, the electrobgedeoxygenated by nitrogen purging for

24 hours and kept under continuous nitrogen flow throughout the measurements. The temperature

was maintained using a thermostatic bath and monitored by a standard thermometer. Tests consisted
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in Open Circuit Potential (OCP) monitoring for 1 hour followed by potentiodynamic or potentiostatic
polarization tests.

The test solutions consisted of 0.5 M H SO
corrosion behavior in acidic and oxidizing solution. The effect of chloride ions and acidity was
evaluated with polarization tests in 0.6 M NaCl both sreartral(pH 7) and acidic (pH 3, acidified

with HCI) at 40 °C. These environments have been selected as they can be representative of common
conditions in marine and Oil&Gas applications.

Anodic potentiodynamic polarization tests were performed at a scan rate of 10 mV/min, starting from
10 mV below the OCP up to 1 V vs. SCE. The potential scan was then reversed until reaching 50 mV
below the repassivation potential, except for tests coeddct i n 0.5 M H SO . )
corrosion current density, the anodic Tafel region was identified within the potential range between
+100 and +150 mV with respect to the open circuit potential. The current density in passivity region
was determined afie average current density within the passive region, defined between 0 V and
+0.5 V for the test solution at pH 3, between
+0.1 V and +0.7 V for the 0.1 M ddfinetl@sthe potehtialt i 0o n
at which the anodic current density reached
breakdown of the passive film.

Potentiostatic tests were performed at fixed potentials of +200 mV or +500 mV vs. SCE for 24 hours
in neutral NaCl solution (pH 7) and in the acidified chloride solution (pH 3). The data acquisition rate
was set to 1 Hz. Passivation current density has t&leulated as a mean of current density value of

the last 2 hours of tests.

4.2.5 Intergranular corrosion test

Susceptibility to intergranular corrosion tests were performed in compliance to ASTM G28 standard

method Aand detailed information can be foundchpter3.2.37 Corrosion tests.

4.2.6 Immersion corrosion test in sulfuric acid

Immersion corrosion tests were performed in accordance with ASTM G31. Methodology,

experimental setip and specimen preparation steps are equal to intergranular corrosion test G28

met hod A. The considered sol uti o c80nsAG,t sa nodf

temperature (120 °C). After 24 hours of immersion, the specimens were removed from the solution,

washed with distilled water, rinsed in acetone, and dried. They were then reweighed to determine the
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mass loss. All corroded specimens were subsequently examined by OM and FESEM for surface

analysis.

4 3 Results and discussion

4.3.1 Microstructural investigation and defects characterization

Porosity values obtained through image analysis are reporf€dbie 3. Alloy 625 produced by

means of LPBF and DED showed an excellent relative density, comparable to the values currently
reported in literaturd146,147] Otherwise, AM techniques with polymer support exhibited a
significantly higher porosity. These results underline the need of more effort to fully develop
polymerassisted AM processes, unlike weditablished AM technologies such as LPBF and DED.

Table 37 Volumetric porosity and relative fraction pores with Feret diameter higher than 50 um

Manufacturing technology =~ LPBF DED MEX BJ
Porosity (%) 0.06 0.06 3.54 1.7
Pores > 50 um (%) 0 0.02 0.37 0
Reference [11] [11] [11] -

Porosity values are critical and can be detrimental for several material properties as already reported
in literature[148,149] Despite specimens produced by BJ, revealed the presence of numerous pores,
they were relatively small (<50 um), with spherical shape, and homogeneously distributed within the
material. This pore morphology has been demonstrated to be the least deltiontetanechanical
propertied150]. In contrast, MEXprocessed specimens displayed both small, spherical porosity and
macradefects induced by the filament deposition during the printing process. Such pnotess
macroedefects are strictly related to the adopted scanning strategysiaieding proved to be
ineffective in closing these cavities. In fact, they are periodic, elongated, and interconnected, forming
a network of channels along all the samples as visibkeguare 19. A previous study analyzed the

nature of these defects and how affected mechanical properties and IGC refidtid2te
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Figure 19- Cross section of MEXxmanufactured specimen showing macraefects

Moreover, Jasik et a[9] highlighted the presence of procéskerent macralefects that parts
fabricated by MEX can exhibit a reduction in tensile strength compared tebksed processes.
Similarly, Suwanpreecha et dll51] demonstrated that path-path voids degrade mechanical
strength of MEX parts. Lorenzi et Al. reported that the defect pattern interconnection impacts on the
overall plastic deformation, limiting ductility and promoting premature failure depending on the
scanning strategy adoptgt?]. The absence of endogenous madefects is a promising result for

BJ technology, revealing that this sinteripgsed process does not lead to the formation of critical
defects inthe produced material.

Microstructural analyses highlighted another relevant difference between AM technologies involving
in-process fusion (LPBF and DED) and those relying on-pamtessing treatments to consolidate

the part (MEX and BJ). In fachlloy 625 produced by BJ exhibited coarse equiaxed grain structures
with several twins and elongated \NMo- rich phases along the grain boundaries. Similarly, MEX
specimens exhibit austenitic, equiaxed grains with the presence of globuldndNbich phases. In
addition, MEX mateal also showed a high number of inclusions rich in Al, Si and Cr. These were
identifiable as aluminurand chromiurroxides, and were surrounded by secondary phases enriched
in Mo and Nb. Conversellloy 625 produced by LPBF was characterized by epitaxial columnar
grains composed by fine cellular/dendritic substructures. The characteristic melt pools of this
technology were also visible. The specimens manufactured by DED consisted of large dendritic
regionswith some small ( 1 um) oxide inclusions. Oxidewere probably generated during DED
process due to the lack of a sealed process chamber and the high affinity of oxygen with Ti, Al and
Cr. The finer microstructures observediifoy 625 obtained via LPBF can be attributed to the higher
cool i ng ®K/atcempafed 1oOwirk ased DED ¢ K/e)dIsz163] Kirally,0
conventional HW 625 was characterized by the typical microstructure for the annealed material,
which consists of equiaxed austenitic grains with twins.
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Figure 20 - Microstructures of the LPBF (a), DED (b), MEX (c), HW (d) and BJ (e) specimens adapted
from Carrozza et AlL.[11].

Alloy 625can exhi bit sever al secondary p hcdeeed , [
tetragonal 2nj, 0 x0s drel ,MC types)banddietesmetélld €Cogmpolvhds. The
formation, stability and distribution of these phases strongly depend on the thermal exposure,
specifically the temperatures reached and the duration of the heat treaffrtehfic5] The
characterization of the secondary phases highlighted a complete difference in both type and
distribution of precipitates depending on the manufacturing technology. LPBF and DED samples
exhibit a microstructure without visible precipitates WRESEM observations. Mohammadpour et

Al. [156] identified the presence of NbC in the interdendritic areas of the microstructéheyn
625produced by means of LPBF. Conversely-Mih precipitates were detected in the interdendritic
regions of the DED processed specimens, as confirmed by the litdd&idré59] Marchese et al.

[160] demonstrated through transmission electron microscopy (TEM) that very small (<100nm) Nb

rich MC carbides are present in this material. In contrast, MEX specimens are characterized mainly
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by M C carbides, di stributed throughout t he
morphology and elongated along the grain boundétiels In the BJ specimens, the carbides are
intergranular and very large in size, being visible even at low magnifications during OM observation
just after polishing. XRD analyses confirmed that these draimdary segregations correspond to

MC carbides Figure21).

LA
. ¥ MC-type carbide (NbC)

Intensity (a.u.)

Figure 21 - XRD analysis ofAlloy 625 obtained by means of BJ

For sinterbased AM, the difference in carbide is primarily governed by the sintering cycle
parameters. Floreen et §l55] characterized the formation the carbideditoy 625, showing that

MC carbides, mainly NbC with minor amounts of Mo, Ni and Cr, tend to form already during
solidification and remain thermodynamically s
carbides, rich in Mo and Cr, typically develop onlyeafprolonged exposures at intermediate
temperatures. Aditya et §l.61]investigatedhlloy 625 fabricated by MEX and reported the presence

of MC carbides after sintering at 1290 °C. In their study, samples sintered for 5 min displayed
spherical uniformly distributed carbides, while sintering for 4 h exhibited coarsened carbides
preferentially loca#d at grain boundaries. Similarly, Enrique et[4b2] found thatAlloy 625
produced via Binder Jetting develops MC carbides along grain boundaries, a phenomenon attributed
to elevated carbon levels during sintering due to the residual binder decomposition. Mostafaei et al.
[163] also observed the formation of MC carbides during sintering at 1280 °C, as well as during
subsequent aging treatments offBdcessedilloy 625. The difference in carbide types between
MEX and BJ can therefore be attributed to the specific thermal process experienced during
consolidation. Moreover, the composition of feedstock filament for MEX process has 0.52% of Si,
which was found to facilitatthe formation MC type carbides. Indeed, Jiang efH4] demonstrated
that silicon additions promote t he-Mb-Grralloyst i on

Flooren et Al[155] showed that increasing silicon contentAlhoy 625 enhances the formation of
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M C carbides and Laves phases, whereas higher
MC carbides. It is worth noting that both -Bdnd MEXprocessed alloys exhibit relatively high
carbon contents, although still compliant with ASTM B443 séadd The control of carbon
concentration is a critical point for sintleased AM techniques. Several studies confirmed that the
process parameters of debinding and sintering strongly influence the residual carbon content and,
consequently, the carbide pigtation. For instance, Lecis et §L65] demonstrated that adopting
reducing Ar atmosphere during debinding increases the carbon contesnemnBiactured stainless

steel 316L. Raza et 4lL66] similarly investigated different atmosphere in ppgicessing powder
injectionrmoulded 316L achieving <0.01 %C in vacuum condition. In H13 tool steel, Nandwana et
al. [167] demonstrated that higher binder saturation results in higher carbon retention which led to
carbide precipitation, due to incomplete removal of polymeric residues. Levenfeld [26&]I.
characterized the carbide evoution in M2 tool
More recently, Schnell and Coljh69] showed that debinding can trigger the formation of-iige
carbides during sintering in Bdanufactured Inconel 718. All these results clearly indicate that
optimizing postprinting processes is a crucial aim for controlling both chemical composition and
microstructure of metals produced with sinbarsed AM routes. Finally, the benchmark HW material

was characterized by Mype carbides, rich in Mo and Nb, whose are intergranular and elongated in

shape due to the low cooling rate achieved at the ene dfathworking process.

4.3.2 Hardness

Hardness values of ANMrocessedlloy 625 highlighted a clear difference between fushmsed and
sinterbased AM techniques, as shown Rigure 22. Specimens produced by LPBF and DED
exhibited high hardness, mainly dteethe very fine dendritic microstructure. In particular, LPBF
samples showed slightly smaller dendritic cells, resulting in the highest hardness values. Conversely,
materials consolidated through sintering displayed a course, equiaxed grain microdeadtogeto

lower hardness values compared to fudased AM. BJ specimens showed a slightly larger grain

size and, consequently, a lower hardness (180 + 6 HV) compared to MEX specimens.

50



4.3- Results and discussion

340 3
] ®
320 4 H
300 %ﬁ
280 4 .
260 :
240 3 s!
] *

220 3

HV

200 3

i
180 : —{—
] *

160 3 *

LPBF DED MEX BJ

Figure 22 - HV1 test for the AM-processed specimens (the horizontal lines represent the average
values) adapted from Carrozza et Al[11].

4.3.3 Intergranular corrosion

Results of corrosion tests in boiling ferric sulfate/sulfuric acid solutions (ASTM G28 Method A)
evaluated the susceptibility of intergranular corrosiorAlbdy 625 in function of AM technique
considered. Average corrosion rates, visibl€&igure23, underlined a different behavior between
AM technologies.
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Figure 23 - Corrosion rates and maximum attack penetration after ASTM G 28A tests onAlloy 625
produced by means of different AM techniques. LPBF data fronj170] and DED data from [11]
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DED-processed specimens exhibited the best corrosion behavior, showing both the lowest corrosion
rate and the smallest maximum penetration depth. kpBEessedAlloy 625 displayed higher
corrosion rates but the maximum penetration attack remained very limited. In contjaic&lsed
specimens showed a corrosion rate slightly lower than that of LPBF, but a markedly higher maximum
penetration depth. No significant evigenof intergranular attack was detected in either the LPBF or
DED-processed materials.
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Figure 24 - Cross section of specimens after ASTM G28 test produced by different AM techniques.
A) LPBF [170] B) DED, C) MEX [11] AND D) BJ

Conversely, both BJ and MEX specimens displayed evident intergranular corrosion attacks, as visible
in Figure 24, indicating that the selective corrosion path followed the distribution of carbides. The
relatively low overall corrosion rate measured for BJ can be partially attributed to its very coarse
grain structure as reported Tiable4. Indeed, larger grains are known to reduce the number of grain
boundaries per unit area, thereby reducing the IGC susceptibility and lowering the related corrosion
rate[171].

Table 4 - Grain size of specimen produced by MEX and BJ following ASTM E 112
ASTM grain size

Technology Mean intercept (mm) number
MEX 0.03 6.5
BJ 0.12 2.7
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The difference in corrosion penetration and corrosion rate between the 8tEXBJprocessed
specimens cannot be explained only considering the grain size. The susceptibility of intergranular
corrosion inAlloy 625is associated with the formation of secondary carbides enriched in Cr and Mo.
This precipitation causes a depletion of corrogiesisting elements in the area surrounding the grain
boundary, and this area becomes anodic to the remainder of th§/gjaiin is well recognized that
niobium additions are used to reduce the susceptibility to IGC, avoiding the formation bfocr
depleted zones. The addition of Nb, Ti, and Ta controls the formation,diGr i ch car bi des
and M C) by pneadpiatioo of M@ygpe darhide§r4,172,173] In XRD analysis, MEX
produced speci men s hAloyé2bobMined byoreand of BJeeshibitechMA e
type carbides enriched in Nb. This distinction has played a fundamental role in the IGC behavior. To
deeply investigate how different carbides influence the corrosion behavidlogf625, SKPFM
measurements were also carried out. The results of these measurements are repiguesl2ib

LPBF and DED specimens showed very small | oca
microstructure. Slight differences were also observed betweegrains and their boundaries in

LPBF, and between dendritic and interdendritic regions in DHEIese gradients are consistent with

the local Nb and Maenriched segregations reported for fusih@sedAlloy 625 [174,175] Slight

local Volta potential difference may explain the light interdendnimrphologyobserved in DED

crosss e ¢t i 0 n sas fazumented imdhe literatjier5]. Oxide inclusions in DEMDas avolta
potentialsof 100 mVhigher than the austenitic matrix, but the IGC results suggested that they do not
act as efficient cathodes. In contrast, siitesed materials exhibited pronounced Volta potential

di fferences between c ar-bpeciners, oxdde dwusions displayedriha t r i X
hi ghest potenti aNMis) ,( awh+lr5easmW s car bi des ex
pot ent-bOamV with &spect to the matrix. To the best of our knowledge, raviqus
investigations have been carried out on the
contradict the weldocumented correlation between volta potential values and anodic or cathodic
behavior of phases. However, recent studies have rediew depth why the direct correlation
between the potential differences measured by SKPFM and galvanic corrosion activity cannot be
generalized, as this relationship is complex and depends on the material, the environmental
conditions, and the specific agtical approach usefl76,177] Schmutz and Frankel, who first
introduced this technique for characterizing corrosion behavior, had already highlighted that certain
intermetallicin aluminumalloys do not follow this correlatiofi78,179] Liew et al[180] reported

different second phases in aluminum alloy AA5083 with higher Volta potentials than the matrix in
air, however MgSi have a nobility inversion under ambient condition. An inverse correlation

between the measured Volta potential difference and the observed corrosion behavior has been
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reported also for a biphasic nickel aluminum brogds4]. Conversely, Bdnanufactured specimens
showed Nkrich MC carbides with a difference of approximately +100 mV of Volta potential
compared to austenitic grainsurencoet Al. [182] has already investigate@lloy 625 through

SKPFM and found that laves phase presented negative Volta potentials while MC presented positive
Volta potentials compared to the matrix. Guo ef{283] highlighted Laves and G phases witarly

80 mV lower than matrix iAlloy 625 welds. Kong et Al. demonstrated that TiC particles have a
higher Volta potential than the austenitic grainsAltoy 718 [175]. Overall, the SKPFMresults
demonstrated that both MC and®icarbide types are characterized by a difference in Volta potential

if compared to the matrix, and both played a crucial role in defining the IGC behaxilboy625.
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Figure 2571 Volta potential map measured under ambient condition using AFM oAlloy 625 produced
by means of LPBF A), DED B), MEX C) e BJ D) measured under ambient condition using AFM. The
red line refers to the line scan potential profile of E) LPBF, F) DED, G) MEX and H) BJ.

4.3.4 Electrochemical corrosion tests

Potentiodynamic polarization tests are reporteBigure 26. The tests performed in 0.5 M8y

(pH & 1) reveal ed an excell ent passive behayv
evolution potential (a 0.93 V vs SCE). This i
anodic polarization foAlloy 625 produced with every technology considered. Test conducted in
neutral (pH 7) 0.6 M NaCl solution showed also comparable behavior of the studied materials, all
characterized by effective passivation. The breakdown potential likely corresponds with itiertirans

from Cr(OH)to HCrQy reportedn Pourbaix diagram of Cr, suggesting the absence of any localized
corrosion initiation[184]. This interpretation was further supported by the reverse scan, which

exhibited no hysteresi€onversely, relevant differences among the different manufacturing routes
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were noticed during tests in acidified (pH 3) 0.6 M NaCl solution. Also in this tteese, is aclear
distinction in corrosion behavior between material produced by means of hased additive
processes (LPBF, DED), and sintexsed technologied&lloy 625 obtained through fusiobased

AM showed excellent corrosion resistarmmenparable to the wrought allowith the formation of a
stable passive film up to potentials associated with;€f@mation. In contrast, materials produced
through sintetbased manufacturing displayed compromised passive film stability, with the
appearance of an instability region already during the forward scan inpi&¥iced specimens
(Figure 26H). For both sintebased technologies, the reverse scan shows pronounced hysteresis
(Figure 26F), indicative of localized corrosion attack that did wommpletely repassivate until
reaching a potential of approximately +0.1 V vs SCE. This behavior was confirmE&SiM

observations, which revealed the presence of crevice corrosion under the [gigskeR6l).
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Figure 26 - Potentiodynamic polarization curves ofAlloy 625 produced by mean of different AM
technologies in A) 0.5 M H2S04 (pHO) and 0.6 M NaCl at B) pH3 and C) pH7. The corresponding
values of open circuit potential, breakdown potential, repassivation potential, current density and

current density in passivity range are reported respectively in D), E), F), G), H). ImageESEM

analysis showing crevice corrosion in sintered based AM are visible in 1).
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The excellent corrosion behavior of this alloy was also demonstrated by the potentiostatic polarization
tests. The average current density of last two hours of tests are repé&itpd@27. All potentiostatic

tests showed a rapid decrease in current density, \ghatilizedwithin a few hours and remained
essentially constant for the whole duration of the experiment. These findings indicated the absence
of any localized corrosion initiation and a formation of a protective oxide film on the surface under
all conditions. A sljht increase in current density was observed when polarizing at 500 mV at pH 3,
which can be ascribed to a minor reduction in passive film stability in such condition. In contrast, in
neutral solution a more pronounced increase in current decsitys at 500 mV, as this potential is

at the beginning ahe transpassive region.
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Figure 27 - Potentiostatic polarization curves ofAlloy 625 produced by mean of different AM
technologies in 0.6 M NaCl at A) pH7 and B) pH3The corresponding valueof current density at C)
pH7 and D) pH3

4.3.5 Corrosion in acidic media

The i mmersion tests in 50 wt.% H SO conduct e
a strong dependence of the corrosion ratllofy 625 on temperature due to the loss of passivity and
the acceleration of both anodic and cathodic reaction kinetics. This behavior was observed for

specimen obtained with every manufacturing technology considered and is vidiblee®. At 50
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°C, Alloy 625 maintained excellent corrosion resistance except for thedsERufactured alloy, that
showed a markedly higher corrosion rate (a 0.
in a significant worsening for all manufacturing routes, with corrosaies rising by one to two
orders of magnitude. The conventionally manufactédémly 625 exhibited the lowest corrosion rate,
about onehird than the AM counterparts. At boiling temperature, all materials experienced severe
weight losseshut HW condition experienced again the lowest corrosion rate.

Table 5 - Weight loss and corrosion rates oAlloy 625 produced by different technologies after 24 h )
i mmersion in 50 wt.% H SO at 50 AC, 80 AC

. Weight loss [mg] Corrosion rate [mm/y]
Temperature [*C] - Technology Mean Dev. St. Mean Dev.St.
BJ 0.07 0.10 0.01 0.01
DED 0.13 1.25 0.01 0.00
50 HW 0.16 0.28 0.01 0.01
LPBF 0.18 0.01 0.01 0.01
MEX 3.29 0.36 0.23 0.06
BJ 27.20 0.08 1.92 0.21
DED 20.26 0.38 1.56 0.15
80 HW 9.59 0.11 0.63 0.00
LPBF 35.25 1.29 2.47 0.66
MEX 29.78 1.24 2.01 0.53
BJ 475.62 0.06 33.50 10.50
. DED 247.82 0.58 19.07 7.78
Boiling HW 111.75 0.06 7.31 0.83
temperature
LPBF 400.40 0.73 28.80 5.25
MEX 616.78 1.29 41.38 4.89

The surface of MEXmanufactured specimens after tests at 50°C revealed corrosion phenomena
following microstructure texture, while fédloy 625 obtained with the other technologies there was

no evidence of corrosion at this temperature, as visiliigure28. After tests at 80 °C, preferential
grainrboundary attacks were observed in the HW, MEX, andIRy 625 specimens, confirming

that carbides promoted miegpa | v ani c¢ c -onatfix! Furtheymovej spelsimens produced by
LPBF and DED exhibited a corrosion morphology that reflects columnar grains and dendritic
structures, respectively. At boiling temperatuthe exposed surface of every condition exhibited
severe corrosion phenomena, with a morphology that make difficult to distinguish microstructure

related corrosion path due to the extensive material loss. -mMBduced specimens were
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characterized by the highest corrosion rates in every temperature considered. These results can alsc
be ascribed by the procesgluced cavities. Indeed, maedefects were proved to widen during
exposure to K5Oy solution, indicating that corrosion preferentially propagates inside the defect
increasing the overall surface exposed to the aggressive environment.

LPBF

Boiling §

Further SEM analyses demonstrated that the anodic stimulation of carbides also occurs in strongly
acidic environment, promoting micgalvanic coupling with preferential dissolution of grain
boundary zones, as shown kigure 29. This effect was clearly visible in microstructures with
equiaxed austenitic grains, where carbides are predominantly located along the grain boundaries,

thereby facilitating preferential attack along these regions.

Mag= 500X Signal SE2
WD =10.0 mm EHT = 20.00 kv

Figure 29 - FESEM image analysis of exposed surface afloy 625to 50% of H.SO4 produced by
means of A) HW, B) LPBF, C) DED, D) MEX and E) BJ
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4.4 - Conclusion

Iso-corrosion maps are useful to predict corrosion rates of materials in specific environments before
industry applicationfl85,186] Therefore, the corrosion behaviors found in this work were compared
with the standard isoorrosion maps found in the literatyde7]. The corrosion rates achieved were
compliant with isecorrosion maps oAlloy 625 in H.SQq solutions, except for MEXnanufactured
specimens during the tests at 50FRy(ire30).
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Figure 30- Corrosion rate of Alloy 625 obtained by means of different AM techniques in immersion
tests in SO, at different temperatures[187]

The high corrosion rates observed Adloy 625 produced by MEX can be primarily attributed to the
microstructure and then to the presence of mdefects. As shown iRigure28, the entire surface

of the MEX specimens exposed to sulfuric acid at 50 °C exhibited corrosion phenomena. This finding
suggests that even in the absence of defects,-ptaEessedlloy 625 would not be able to maintain

a stable and protective oxide film displaying corrosion rates not compliant with the expected
performance of this material.

4.4 Conclusion

This study provides an overview of the corrosion behavillofy 625 produced by differenAM
technologies, in comparison with the conventionally-wotked material. The investigation of
microstructure, defects, electrochemical behavior, intergranular corrosion susceptibility, and

immersion tests in acidic media provides a clear descriptionwfdiiferent AM techniques can
affect the corrosion behavior afloy 625.
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The results demonstrated that AM technologies can successfully praliog&25 with corrosion
behavior comparable to benchmark, except for MEX where intrinsic prot#issed macralefects

strongly affect both corrosion resistance.

Fusionbased technologies (LPBF and DED) are characterized by rapid solidification, which leads to
fine cellular or dendritic microstructures and annihilating coarse cardgdgsgation. Therefore, they
exhibit high mechanical properties, no susceptibility to intergranular corrosion and good corrosion
behavior in harsh acidic environments.

In contrastAlloy 625 obtained through sintdvased technologies has a microstructure and carbide
type determined by specific pgstocessing. Sintering processes led to coarse austenitic grains and
presence of carbides predominantly located along grain boundaries. Thesesfsajnificantly
compromised both mechanical properties and intergranular corrosion resistance. Nevertheless, BJ
specimens, containing Nfch MC carbides, showed lower susceptibility to intergranular corrosion
than MEX.

Although sintefbased technologies do not yet match the microstructural and corrosion performance
of LPBF and DED, Binder Jetting seems to represent a promising AM technology to pAdidyce

625components.
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Chapther 5. Development and qualification ofAlloy 725 for AM

5.1 Chapter introduction

The failure analysis discussedGmapther 3ndicatedAlloy 725 as an excellent material for turbine
blade operation iDWP condition in a directyclegeothermal planHoweverAlloy 725is currently
largely unexploredor AM [144]. As a consequence, there is a lack of systematic studies addressing
the feasibility of processing Alloy 725 by AM technologies and evaluating the resulting
microstructure, mechanical properties, and corrosion behavioreover, the adoption oAM
becomes especially relevant for expensive anddeailability materialswherethe implementation

of closedloop materialwould be a winningtratey. In this context, EGP providetecommissioned
turbine blades, like thoneanalyzed in Chapter 3, for a feasibility study focused on material recovery.
The powder atomizatiowas carried ouin collaboration with Politecnico di Torino, followed by
specimen productiovia LPBF technology in collaboration with the University of Bergamo.

The present chapter focuses on the mechanical, corrosion and microstructural characterization of
recoveredAlloy 725, providing a comparison between the original material and the new material
produced byAM. As a benchmark, a forged Alloy 725 was also included in the study to evaluate the
effect of precipitation hardening by comparih§BFprocessednaterial with its conventionally

manufactured counterpart.

5.2 Materials and methods

5.2.1 Feedstock production

TheAlloy 725 powder was produced from twenty-sgrvice turbine blades provided by Enel Green
Power S.p.A. These eral-life components were in the same material condition a\lbg 725

considered irChapther 3and the chemical composition can be se€Tainle6.

Table 617 Mean valueand deviation standard of diemical composition ofex-service turbine blade
made oflnconel 725 (wt%)
Element Fe Ni Cr Mo Ti Nb Al Si

_ Mean [%] 7.62 56.42 21.37 8.75 1.61 3.77 0.27 0.18
Turbine blades

D.St. [%] 0.65 0.54 0.36 0.34 0.13 0.18 0.07 0.11

Max / 59.00 22.50 9.50 1.70 4.00 0.35 0.20

Min /[ 55.00 19.00 7.00 1.00 2.75 [/ /

ASTM B805
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The atomization has been carried out through a VIGA atomizer which further details of experimental
setup are reported ifiLl88]. Before theatomization the turbine blades weresandblasted and
mechanically cut into smaller pieces and loaded into an alumina crutitdanaterial was eited
throughinduction heating under vacuum conditions (approximately 6% fbar), followed by
backfilling with inert gas at around 1000 °C to limit the evaporation of alloying elements with low
vapor pressureThe molten alloy was superheated to 1540 t6Creduce melt viscosit Gas
atomization was carried out using argon both as cover gas and as atomizing medium. The atomization
chamber was pressurized to4 lfar to ensure a stable flow of molten metal through the melt delivery
nozzle. Alumina crucibles and delivery tubes were adopted in accordance with industrial practice to
reduce chemical contamination of the mehree atomization trials were performed by progressively
increasing the atomization gas pressure from 35 to 45 bar to identify the optimal compromise between
powder yield and process stabiliys shown inTable7, the chemical composition of tlodtained

powder is compliant withSTM B805 standard fohlloy 725.

Table 7 - Chemical composition of the Inconel 725 recycled powder (wt%)
Element Fe Ni Cr Mo Ti Nb Al Si C S

This study 7.95 57.45 21.25 7.86 1.65 3.4 0.29 0.14 0.008 0.00042
Max [/ 59.00 22.50 9.50 1.70 4.00 0.35 0.20 <0.03 <0.015
ASTM B805
Min / 55.00 19.00 7.00 1.00 2.75 / / / /

5.2.2 Optimization of process parameters of LPBF process fohlloy 725

All specimens were fabricated usingRBF system (Print Genius 150, Prima Additive S.r.l., Italy)
equipped with a 300 W ytterbiufiber laser operating at a continuous wavelength of 1070 nm. The
laser spot diameter was set to 100 um. Fabrication was carried out undejpariitighrgonwith the
oxygen level below 0.1%. The build plate was preheated to 88 8@ipe scanning strategy with a
stripe width of 5 mm was adopted, combined with a 67° counterclockwise rotBatore the
production of specimenfor test conducted i@hapther Jand Chapther 6a systematic experimental
campaign was performetd optimize of the process parametess LPBF for Alloy 725. Twenty
different combinations of laser power and scan speed were investigatedkeepinghatch spacing

and layer thickness constaRbrosity, hardness, and surface roughness were measured to identify the
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5.2- Materials and methods

optimal processing parameters, as reportetainle 8. Further details about the research of LPBF
techniques foAlloy 725 can be found if189].

Table 8 - LPBF process parameters usetbr the design of experimentsand relative material
characteristics

Sample| Power | Scan speed Porosity [%] | HV1 | Sa [um]
1 100 500 0.98 315 14
2 100 1000 1.62 309 15
3 100 1500 7.73 307 17
4 100 2000 6.05 239 16
5 150 500 0.03 327 9
6 150 1000 0.11 322 10
7 150 1500 0.51 306 16
8 150 2000 1.81 301 12
9 200 500 0.05 314 6
10 200 1000 0.04 310 9
11 200 1500 0.03 315 12
12 200 2000 0.19 318 11
13 250 500 0.29 328 6
14 250 1000 0.01 311 8
15 250 1500 0.01 316 9
16 250 2000 0.05 318 11
17 300 500 0.61 291 7
18 300 1000 0.13 322 8
19 300 1500 0.02 312 8
20 300 2000 0.02 317 11

5.2.3 Materials

The process optimization campaign revealed a broad andlefeled processing window capable to
produce densAlloy 725. Among the investigated conditions, the combination of 250 W laser power
and 1000 mm/s scan speed was selected to produce new specimen to evaluate the mechanical

properties and the corrosion behavior. The selected parameters fall within the centeptifriae
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process window identified through Gaussian process regression, ensuring process stability and
reproducibility to produce test specimens.

The specimens were fabricated with their longitudinal axis oriented horizontally with respect to the
build platform, with the main faces parallel to the build plane, as schematically illustrdieplia

31 The total height othe print was20 mm to obtain sufficient material for subsequent specimen
preparationSubsequentlyHalf of thespecimens werebtainedrom thebuilding plane throughvire
electrical discharge machiningV-EDM). This cutting technique was selected to obtain the final
specimen thickness of 5 mm while minimizing the introduction of mechanical stresses, plastic
deformation, or thermal damage associated with conventional machining processes. half of the
specimens wersubjected to a precipitatigmardening heat treatment in accordance with ASTM
B805 beforethe W-EDM cutting The heat treatment consisted of a solution annealing step carried
out at 1040 °C for 1 h, followedybwater quenching, and a tvabep aging treatment performed at
732°C for 8 h, furnace cooling to 621 °C, holding for 8 h, and final air cooling.

Figure 31 - program of the printing samples for mechanical and corrosion behaviors tests

The specimens fabricated were cylindrical, with a diameter of 15 mm and a height of 5 mm. These
samples were produced for microstructural characterization, hardness measurements, porosity
analysis, and corrosierelated testinglensiletestspecimens with a cross section of 5 x 8 mm and a
gauge length of 36 mm wepeoduced in accordance withNI EN ISO 68921:2020 Two reference
conditions of wrough®lloy 725 were included in the experimental campaign. The first condition
corresponds to the dsrged magrial. For PH benchmarteferencespecimens were extracted from

a turbine blade previously analyzeddhapther 3
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5.2.4 Microstructural analysis

Methodology and experimental equipment for metallographic analysis and microscopy investigation

are the same reported in cha@@e2.21 materials and methods.

5.2.5 Hardness test

Rockwell C hardness measurements were performed in accordance with the UNI EN 1SD 6508
standard. Tests were carried out on specisugface polished with silicon carbide paper up to 1200

grit. For every condition considered has been conducted 5 measurements.

5.2.6 Tensile tests

A Galdabini Sun 5 universal testing machine with a 50 kN load cell was utilized for tension testing.
The tests were conducted under ogstgtic loading conditions, in displacement control, in
accordance with the procedures of UNI EN ISO 6822020 standa. Evaluation of mechanical

response included yield strength, ultimate tensile strength, and elongation to failure.

5.2.7 Electrochemical corrosion tests

The specimen preparation is complian#t@.47 electrochemical corrosion tesfigests consisted in

Open Circuit Potential (OCP) monitoring for 1 hour followed d&hgctrochemical impedance
spectroscopy (EIS) and potentiodynamics polarizatests carried out withlvium CompactStat
potentiostat

The test solutions consisted of 0.6 M NaCl both meartral (pH 7) and acidic (pH 3, acidified with

HCI) at 40 °Cto evaluate the resistance agattdbride ions and acidityl his solution was selected

as it was found to be the most severe for Alloy 62&apther 4 After the OCP, a sinusoidal
perturbation with an amplitude of 10 mV was applied over a frequency range from 40,000 Hz to 0.01
Hz, acquiring five frequencies per decade for a total of 34 measured frequehoaic
potentiodynamic polarization tests were performed at a scan rate of 10 mV/min, starting from 10 mV
below tre OCPup to 1 V vs. SCE. The potential scan was then reversed until reaching 50 mV below

the repassivation potential.
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5.2.8 Intergranular corrosion test

Susceptibility to intergranular corrosion tests were performed in compliance to ASTM G28 standard

method Aand detailed information can be found in chaBt@r3i Corrosion tests.

5.3 Results and discussion

5.3.1 Microstructural analysis

Metallographic analyses dflloy 725 highlight the presence of distinct microstruetsidue tothe
manufacturing route anithe eventuafollowing heat treatmerds visible inFigure32. The LPBF
process promotes the formation of unique microstructural featheedks tothe extremely high
cooling rates involved, which are fundamentally different from those produced by conventional
technologiesuch as forging. In the forged conditigkljoy 725 exhibited a regular equiaxed grain
structurewith twins, whereas the LPBmanufacturedilloy 725 exhibits a very fine dendritito-

cellular microstructure. As shown inFigure 32C, metallographic etching also reveals the presence

of melt pool boundaries and elongated grains grown in an epitaxial direction, characteristics that have
already been widely reported in the literature for niddeded superalloys processed by LPBF
[11,144] Following precipitation hardening, the forged alloy largely preserves its equiaxeavghain

twins morphology; however, secondary phases tend to preferentially decorate the grain boundaries,
reflecting diffusiondriven precipitation during aging. A similar evolution is observed in the LPBF
manufactured material after heat treatment, where the orignigification structure is partially
replaced by recrystallized graimsth annealing twinsaccompanied by the formation of precipitates

along grain boundaries.
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5.3- Results and discussion

200x

conditions. A) Forged B) Forged and precipitation hardened C) LPBF D) LPBF and precipitation
hardened

Alloy 725 is a precipitatiorhardenable nickdbased superalloy whosmaterial properties are
strongly influenced by the formation, distribution, and morphology of secondary phases.
Strengthening is primarily achieved through #gng treatment thanks to tipeecipitation of fine

and homogeneously dispersedNj ( Ni ( AJ190JTunl)keg Allgy h18, alleys725 has a lower
niobium contenthats i gni fi cantly reduces the tenwhlchcy t
are detrimental for corrosion resistanddevertheless, prolonged or hitgmperature aging
treatments can still promotearbides mai nl y t he Mtypg Gnd other decoMlarg
precipitatesat grain boundades [142,191] lannuzzi and Hazarabedid®92] demonstrated that
precipitation hardening iAlloy 725 promotes the formation of }C carbides and F phase at grain
boundaries, leading to sensitization andpreferential crack propagation during hydrogen
embrittlement The precipitation of second phasssfundamental and must be a corrbatance
between mechanical strengthening and corrosion performance, particularly in aggressive

environments where intergranular corrosion and environmentally assisted cracking may occur.
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The forgedAlloy 725 in the asforged condition exhibits relatively uniform distributiofh globular
secondary phases within the matras reported in EDS map Figure 33A. Elemental mapping
confirms that these precipitates are enriched inNithand Ti In contrast, the LPB®anufactured

alloy displays a dendritic to cellular microstructuvghout evidence of second phases detectable
throughFESEM analysisin the forged alloy, precipitation hardening results in an equiaxed austenitic
grain structure with secondary precipitaggghe grain boundaries. In additiothere areitanium
nitrides, previously discussed i8.3.2 Conversely the LPBF material undergoes partial
recrystallization during precipitation hardening, leading to the formatiaewaustenitic grains that

are predominantly elongatéd the epitaxially directionAt the same time, intergranular precipitates
become evident along grain boundaries, indicating that the heat treatment promotes both

microstructural recovery and grain boundary precipitation.
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Figure 33- FESEM micrographs of microstructure of Alloy 725in different manufacturing and heat
treatment conditions. A) Forged B) Forged and precipitation hardened C) LPBF D) LPBF and
precipitation hardened

Although FESEM observationgentified different secondary phasesray diffraction analyses are

dominated bypeals corresponding to the 9 phase with
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5.3- Results and discussion

indexed to the (111), (200), (220), and (311) crystallographic p{&mpse34) [193]. No additional

peaks attributable to secondary phases were detected within the sensitivity limits of the XRD
techniqueA difference in peak intensity was observed between additively manufactured specimens
and the reference materialg particular, the LPB¥producedAlloy 725, both in the a$uilt and
precipitationhardened conditions, exhibit a pronounced intensity of the (200) reflection. This
preferential orientationn LPBF-manufacturechickelbased superalloys is directly related to the
directional solidification conditionsAfter heat treatment, a reduction in the intensity of the (200)
peak is observed, which cam lattributed to a mitigation of the anisotropy associated with the
columnar grain structurthroughpartial recrystallizatioj144,194] In contrast, the wrougl#lloy
725specimens, both in the-fsrged and precipitatichardened conditions, display a more isotropic

diffraction pattern, consistent with an equiaxed grain structure.
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Figure 347 XRD analysis ofAlloy 725in different conditions. A) Forged, B) Forrged + PH, C) LPBF
and D) LPBF + PH

5.3.2 Mechanical behavior

Both heat treatment and manufacturing technology affectetidngnessvalues Table9). In the
forged condition, the alloy exhibits low hardness value of about 28 HRC, consisteAtlloyti725
with no strengthening precipitates.light higher hardness valug observed for the LPBF condition

(31 HRC)thanks to thdine cellulardendritic substructureNonetheless, thiatrinsic strengthening
69



Tommaso Persico

of LPBF microstructures is not comparable with the hardness increase through heat treatment for this
alloy. In fact, theforged heatreated condition reaches a hardness of 37 HR@)onstrating the
precipitation of fine and coherent Mj the material Moreover the LPBF heatreated specimens

exhibit the highest hardness value, reaching about 44 HRC. This enhanced response to heat treatmen
can be attributed to the combined effect of a more pronounced precipitation strengthening compared
to the forged conditioand the intrinsically fine microstructure produced by the LPBF process.

Table 9 - Hardness (HRC) ofAlloy 725 for different processing and heat treatment conditions.

N Solution annealing| First aging | Second aging Hardness
Condition
T [°C] tfh) [T[°C] t[h] | T[°C] t[h] HRC
Forged \ \ \ \ \ \ 28
Heat treated 1030 2 710 6 621 7 37
LPBF asprinted \ \ \ \ \ \ 31
LPBF heat treate{ 1030 1 732 8 621 8 44

In the asprinted condition, the alloy exhibits a yield strength of approximately 721 MPa and an
ultimate tensile strength of about 1014 MPa, combined with a high elongatfi@ctate close to
36% (Table 10). This balanced combination of strength and ductility reflects the fine cellular
dendritic microstructure generated by the LPBF proc®¥gken compared with the minimum
requirements specified by ASTM B805 for wroughlioy 725, the LPBFproduced material
significantly exceeds the standard limits for the soluionealed conditiarHoweveryield strength
remainbelow the requirements for the precipitativerdened condition. This behavior was expected
and is consistent with the hardness measurements, evidbncehat the primary strengthening of
this materials obtainedprecipitation hardeningln fact, LPBFmanufactured specimens after the heat
treatmentreaches a yield strength of 1116 MPa and an ultimate tensile strength of 1407 MPa,
corresponding to an increasbout50% in YS and 40% ofJTS. This strengthening is accompanied

by a reduction in elongation to about 2%e tothe formation ofo Niecipitatesthat enhances
resistance to plastic deformation at the expense of ductidyever,elongation valuesemained
above the minimum values requiredl condition following ASTM B85. Thisfinding demonstrates

that the LPBF route is capable of producidioy 725 components with mechanical properties

completely compliant with those of traditional wrought products.

Table 10- Tensile properties of LPBFmanufactured Alloy 725 and comparison with ASTM B805
standard.
Condition Value YS (MPa) UTS (Mpa) E (%) Reference
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Mean 721 1014 35.9
LPBF asprinted
Dev.Std. 2 2 0.8 _
This study
o Mean 1116 1407 27.4
LPBF precipitation hardene
Dev.Std. 7 8 1.2
Solution annealed Min. 310 758 30
ASTM B805
Precipitation hardened Min. 827 1137 25

5.3.3 Susceptibility to selective corrosion

Nickel-chromiummolybdenum (NiCrMo)alloys may undergo selective corrosidae to local
depletion of alloying elements responsible for passivataainly chromium and molybdenunm
the regions adjacent to grain boundarj@85 197] This phenomenon is associated with the
precipitation of secondary phasesich as MC, M23:C, MC and certain intermetall[@98,199] The
resulting condition is commonly referred to as sensitization and may develop when the alloy is
exposedo temperature rangegtween approximately 600 and 1100 d€pending on the alloy and
its composition.Alloy 625 represents a wetlocumented example in this regard, owing to its
widespread use in aggressive environmeBitswn et Al.[199] investigatedAlloy 625 annealed at
different temperature to evaluate the susceptibility of this alloy through ASTMAGZ8e finding
identified thetemperatureangebetween/00 andd50 °Cto be detrimental for selective corrosion in
Alloy 625 with increase otorrosionrates from 150 mdd to values exceeding 1000 rAddy 725
is a materiaterived fromAlloy 625, developed by additions of aluminum and titanium to enable age
hardening while preserving the excellent corrosion resistance characterigtioy625 [138].
AlthoughAlloy 725is not explicitly included among the materials listed in the ASTM G28 standard,
the testassessel secondary phases precipitated during heat treatment could be deleterious to its
resistance to selective corrosidrhe results of the ASTM G2\ intergranular corrosion testse
summarized inrable11. In the forged condition, the alloy exhibits a relatively low corrosion rate
(155 mdd), comparable to that reported forssensitizedilloy 625. A moderate increase is observed
for the LPBFprocessed material in the-bsilt condition (376 mdd), which can be attributed to the
finer microstructural features and possible microsegregation associated with the rapid solidification
of melt pools.Consistent with this interpretation, several studies arCNiMo alloys have reported
that heataffected zones (HAZ) in welded components exhibit an increased susceptibility to
intergranular corrosion due to microsegregation and precipitation phenamieicad by localized
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thermal cycle$195,196,198]Nevertheless, theubstantial increase in corrosion rate is observed after
precipitation hardening for both manufacturipgocesses The forged precipitatichardened
condition show4.890 mdd while the LPBF precipitatichardenedlloy exhibits the highest values,

exceeding 3000 mdd. These results clearly indicate that precipitation hardening promotes a sensitized

condition
Table 11- Corrosion rates ofAlloy 725 after ASTM G28-A
Conditon Corrosion rate [mdd] Corrosion rate [mm/y]
Mean Dev.Std. Mean Dev.Std.
Forged 155 12.1 0.68 0.05
Forged + M 1890 35.2 8.30 0.15
LPBF 376 24.3 1.65 0.11
LPBF + PH 3113 52.0 13.67 0.23

Crosssectionprovide insight into the corrosion morphology developed during the test conducted
Figure35. In theuntreatectondition,both forged and LPBRhe corrosiorattackremains relatively
uniform, with shallow penetration and no clear prefereptdih in agreement with the low corrosion

rates measured fordbe conditiors. After precipitation hardening, a marked change in corrosion
morphology is observed in the forged alloy. The attawdrphology evidencesleep selective
penetrating features. Several penetrating attacks exhstridightline morphology, suggestintpat
corrosion pathdollow annealing twins rather than only grain boundary. Conversely, the LPBF
precipitatiorhardened conditiohasa distinct corrosion morphology. Although selective attacks are

still present, they are generally less deep than those observed in the forged counterpart. This behavior
may indicate a different distribution of secondary phases formed during preciphatidening

Despite the reduced penetration depth of individual attacks, the overall corrosion rate measured for
the LPBF precipitationardened condition remains higher. This suggests that corrosion is more
uniformly distributed over the exposed surfae¢her than concentrated in a limited number of deeply
penetrating sites. Such behavior is consistent with the presence of a higher density of finely dispersed
secondary phases and locally aldgpleted regions, which can promote widespread rgaheanic

coupling within the materidR00].
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Figure 357 FESEM crosssection micrographs ofAlloy 725 specimens after ASTM G28A
intergranular corrosion testing in different manufacturing and heat treatment conditions.

5.3.4 Corrosion behaviors in chloride acidic environments

Electrochemical impedance spectroscopy (EIS) useéul tool for investigating the properties of
passive oxide films formed on metallic materialsthie considere@nvironment.The Bode plots
measured at OCP in 0.6 M NacCl acidified to pH 3 at 4@rfE€reported ifrigure 36. The results
indicate & excellent anccomparable corrosion response &wery condition evaluatedit high
frequencies, the impedance modulus reaches ade®fied plateau, which is associated with the
electrical resistance of the surface film formed on the tested specimens. Impedancenelues
betweenl® and 1P g -cm? were measured, indicating the formation of a compact and protective
passive filmSlight differences can be observed between precipithi@odened and nelneattreated
specimens in the phase anglspense sund 102 Hz frequencies. This behavior suggests the
presence of an additional time constatted tca chargetransfer process, which is likely associated

with differences in passive film stability and interfacial processes induced by the heat treatment.
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Figure 36 - The Bode plotsfor passive films ofAlloy 725in 0.6 M NaCl acidified to pH 3 at 40 °C

The potentiodynamic polarization curves revealed an excellent palshavior for all the
investigated conditiond-igure37). These results, in agreement with the EIS measurements, confirm
the formation of a stable and protective oxide film Alloy 725 in acidic chloridecontaining
environments, regardless of the manufacturaadiniqueor heat treatment. The polarization curves
are characterized by an extended passive re@iba breakdown potential is associated with the

f ormati on o fas test é@nducted ahloye 625 peesent in sectiod.3.5 There are no

rapid current increaseluring the passive regioimdicating an excellentresistance to localized
corrosion This interpretation is further supported by the reverse scan, which exhibits no hysteresis,

indicating the absence of pit stabilization and confirming the reversible nature of passive film
breakdown.
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Figure 3771 Potentiodynamicspolarization test of Alloy 725in 0.6 M NaCl acidified to pH 3 at 40 °C

5.4 Conclusion

This studycharacterized the microstructure and material properties of a novel alloy produaddl via
starting from enef-life componentsAlloy 725 manufactured by LPBF exhibits the typical melt
pool features associated with this technology. Its microstructure is characterized by epitaxial
columnar grains with cellular and dendritic substructures, whigvide excellent mechanical
properties compared to tioughtAlloy 725.

Despiteits goodstrength and ductility observed in the@stedcondition, the strengthening Afloy

725 is primarily achieved through precipitation hardening rather than throughsadlition or
microstructural refinement. Following heat treatment, tfRBFmanufacturedalloy undergoes
partial recrystallizatiorand exhibits excellerttardening response, leading to mechanical properties
that significantly exceed the minimum requiremeioisASTM B805 while maintaining adequate
elongation at fracture.

The unique microstructure generated by the LPBF process also influences the suscepiMiiiyy of
72510 selective corrosion. Both in the-psntedand precipitatiorhardened condition®lloy 725
exhibits higher corrosion rates compared to its forged counterpart. Nevertheless, a clearly sensitized
condition is observed only after precipitation hardening, which leads to a significant increase in

corrosion rate for both forged and LPpFoduced matgals.
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Electrochemical investigations confirmed the formation stbhleand protective passive film for all
investigated conditions in acidic chloridentaining environments. Both EIS and potentiodynamic
polarization measurements reveakbat LPBF process produce an Alloy 725 with comparable
corrosion behavior in acidic chloride solution of conventionally manufactured material

Overall, the characterization éloy 725 demonstrates that the recovery of specialty niblesled
alloys from enebf-life componentss afeasiblestrategyto producenew highperformance materials
viaAM. The LPBF route enables the fabricatio®bdby 725 with outstandingnechanical properties
andcorrosion behavior comparable to conventionaignufacturedanaterial. These results highlight
thefeasibility of material recoveryhroughAM to createclosed material loops of advanced alloys in

demanding idustrial applications.
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Chapther 6.  Field exposuretest of super nickel alloys obtained by
means ofAM

6.1 Chapter introduction

Laboratory corrosion testing provides fundamental insight into material behavior and into how
different manufacturing technologies may influence degradation mecharR@psoducing fully
servicerelevant conditions in controlled laboratory settings is a challenge due to the combination of
a steam rich in chemically aggressive species, elevated temperatures and high piéssures.
necessary to conduct exposure tests using real geothermal Jteese. tests enable the direct
evaluation of degradation meclsms under realistic operating conditions typical of diaaie
geothermal power plants.

This chapter presents the results of exposure tests performed in a chamber operated by Enel Green
Power and directly fed with steam extracted from a geothermal well. The investigation focuses on
nickelbased alloys as promising candidates for geothermahiiblade applications. Based on the
results obtained in the previous chapters, Alloy 725 produced by LPBF in bothpghated and
precipitationrhardened conditions, as well as Alloy 625 produced by DED for potential turbine blade
cladding applicatios, were selected for testing in the exposure chamber. Among the materials tested
by Enel Green Power, conventionally manufactured Alloy 725 and a supermartensitic stainless steel,
known to be susceptible to stress corrosion cracking under these enviralinowentitions, were
considered as reference materials.

The findings demonstrate the suitability of additively manufactured niketd superalloys for
geothermal applications and provide a basis for integrating new, more sustainable manufacturing
approaches in the geothermal sector, including material rgcstrategies and laséased repair and
cladding technologies.

6.2 Materials and methods

6.2.1 Test chamber andexposure conditions

Thetest chambeis powered byteam extraeidfrom geothermal power plafiSelva 4 operated by
Enel Green Power S.p.A. (Larderello, Italf)regulation and monitoring sectiahtemperature and
pressureallow to reproduce dewpoint conditions representative of the most aggressive operating
zones encountered in direngcle geothermal turbine3he geothermal steam used in the tests is
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endogenous and unwashed, ensuring realistic chemical condfoos.to material qualification

tests, a preliminary assessment of exposure homogeneity was performed using carbon steel
cylindrical specimens without sharp edges.

The exposure started on 27 July 2025 and continued uninterrupted until 9 September 2025, for a total
duration of 1032 hours. At the beginning of the test, the operating parameters inside the chamber

were 161166 °C at the specimen plate, a pressure ob&rband a steam flow rate of 0.32 t/h, with

an estimated steam fraction of 4.3%. These values were taken as the reference operating conditions.
Throughout the test, temperature and pressure were continuously monikatie@5 August 2025,

the chamber aggrated with temperatures generally between 140 and 165 °C and pressures between 4
and 7 bar. In the subsequent period, the operating conditions stabilized at lower values, with

temperatures of 12030 °C and pressures of 25/ bar.

6.2.2 Materials, specimens and microscopy analysis

The materials investigated in this study include niddaded superalloys produced throutiffierent
manufacturing routeanddiscussed in the previous chapté&boy 725 was produced by LPBF and
investigated both in the dsuilt and precipitation harded condition To evaluate the potential
influence of microstructure on SCC resistarfdigy 725 U-bend specimens were manufactured with
orientations along the vertical (XZ) and horizontal (XY) build directiédigy 625 was produced by
DED and tested in the dmuilt condition.As a benchmark material is considegedonventionally
manufacturedwrought Alloy 725 to establish if super nickel alloys produced with advanced
technologies have a comparable corrosion behaviother details of materials used for this test can
be found in sectiof15.2.1 To ensure the harshness of the environment through thentestemsitic
stainless steel grade X5CrNiMo®21.5 wereincludedwhich is known to be susceptible of pitting

and SCC irDWP condition of geothermal vapors

Table 127 summary table of materials

Material Type N° | Condition Heat treatment
X5CrNiMo12-6-1.5| Crevicespecimer| 1 / Quenched and temper
(S41425) U-bend 2 / Quenched and temper
Crevice specime| 3 / Precipitation hardene
Alloy 725 U-bend 4 / Precipitation hardene
Crevice specime| 5 XY /
Crevice specime| 6 XY Precipitation hardene
Alloy 725 LPBF U-bend 7 XY /
U-bend 8 XY Precipitation hardene
U-bend 9 XZ /

~
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6.2 - Materials and methods

U-bend 10 XZ Precipitation hardene
Crevice specime| 11 XY /
U-bend 12 XY /

Alloy 625 DED

Two main specimen geometries were employedef@luate the corrosion rate and morphology,
crevice resistance and susceptibility to S(fat plate specimengCrevice specimensyith
dimensions of 50 x 50 x 3 mm were used to evaluate corromophologyand localized corrosion
behavior.In fact, thesespecimens were coupled with crevice formers asgbmbled in accordance
ASTM G78 standardRigure38A). The crevice formers are assembled to generate a circular array of
sectors, producing wetlefined occluded regions that act as preferential sites for crevice corrosion
initiation. Specimengo investigate SCC we developedollowing U-bend type B in according to
ASTM G30and mounted as reportediigure38B. All specimenswvere grinded up to 1200 grit with

SiC papers, cleaned and weighed.

Specimen

Crevice
N former

\‘ NN

-] T

Figure 38 - Assembly diagram of the A)Crevice and B) Ubend specimens on the plate

After field exposure test all the specimens followed a sequential procedure based on ASdM G1
clean the specimenghe cleaningmethod consisted of successive surface cleaning steps. An initial
mechanical cleaning by brushing was carried out to remove the coarsest deposits from the specimen
surfaces, after which a first weighing was performed. This was followed by successiveymygkles

in accordance with ASTM G1, consisting of acetone cleaning, drying, immersion in hydrochloric acid
with hexamethyleetetramine for @ minutes, rinsing in water combined with mechanical cleaning
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using a plastic brush or scraper, subsequent acetone cleaning, and final S8wyfiage morphology
and cross sectionsere then investigated d¢eyence VHX7100 digital optical microscopeptical
microscopy andeissGemini Sigma 300 field emission scanning electron microseuiieparticular

attention to undedeposit attack and crevice corrosion.

6.3 Results and discussion

After the test, all specimens were covered by a thin layer of deposits formed by the condensation of
geothermal stearmgs reported irFigure 39. Such deposits werebservedalso on normetallic
elementgFigure 26) such as the crevice formers, thereby confirming their predominant origin from
the condensation of geothermal steaaporsinstead of corrosion produdi3l].

Figure 39- Specimen plate with mounted samples after the field exposure test

The investigated specimens exhibited an increase in mass at the end of the field exposure test. The

cleaning treatments were not effective in removing the deposits, providing further evidence that they

consisted of scaling. The removal of thepositwas achieved through mechanical cleaning; however,

the specimen mass remained slightly higher than the initial value, indicating that the material did not

undergo significant degradation during the exposure test. The slight mass increase observed in some

specimens is attributed to the presence of persistent deposit residues that were not completely

removed duringhemical cleaning-urther picklingwas deliberately avoided to prevent alteration of

the surface corrosion morphologdys expected, m exceptionwas represented by X5CrNiMo&2

1.5, which exhibited significant mass Iq3®ble13). The corrosion rate of X5CrNiMo1@-1.5 was

estimated to be slightly below one millimeter per year, representing a substantial material degradation
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rate. This behavior indicates the inability of tmaterialto form and maintain a stable passive film
under the tested geothermal conditions.

Table 13- Summary table of mass loss measurements

Material Type N° | Initial weight [g] | Final weight [g] | Corrosion rate [mm/y]
X5CrNiMo12-6-1.5| Crevice specime| 1 55,4175 50,9885 0.88
(S41425) U-bend 2 17,0109 - Fractured
Alloy 725 Crevicespecimer| 3 57,1910 57,2338 Undetectable
U-bend 4 19,0563 19,2637 Undetectable
Crevice specime| 5 52,2491 52,4994 Undetectable
Crevice specime| 6 52,7731 53,0114 Undetectable
U-bend 7 18,5077 18,6501 Undetectable
Alloy 725LPBF U-bend 8 17,8115 17,8755 Undetectable
U-bend 9 19,5809 19,9556 Undetectable
U-bend 10 16,5300 16,5341 Undetectable
Crevice specime| 11 47,7866 47,9804 Undetectable
Alloy 625 DED U-bend  |12| 21,2215 21,4277 Undetectable

Indeed, he crevice specimen made of X5CrNiMe@2.5 exhibits corrosion over the entire surface
exposed outside theoveredarea. The attack morphology is highly heterogeneous, and- cross
sectional observations reveal the presence of-sphwrical corrosion features penetrating into the

material Figure40). No crevice corrosion was observed in the area shielded by the crevice former.

1imm Mag= 150X Signal A = SE2 Mag= 750X Signal A = SE2
D= 8.4mm EHT =20.00 kv WD =10.0mm  EHT =20.00 kV

Figure 40- FESEM micrography of Crevice specimen inX5CrNiMo12-6-1.5. A) Surface image after
cleaning B) Cross section

In Alloy 725 andAlloy 625, no evidence of crevice corrosion beneath the crevice former sectors was

observed, either for the wrought specimens or for the LPBF variants. This result is of fundamental

importance, as it demonstrates that these materials exhibited resistance tacoressien under the

tested geothermal conditions. However, on the specimen surfaces, a few locations showing slight
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underdeposit corrosion were observed under all the experimental conditions investigated. The
detected attacks were very limited and did not compromise the integrity of the spec¢tigarei(l).

These features did not result in measurable section loss and were associated with largely intact passive
films. Moreover, undedeposit corrosion was also observed on the conventionally prodlicgd
725currently adopted foactual servicéurbine blade, indicating that this phenomenon is not specific

to additively manufactured materials.

Figure 41 - Digital optical image of crevice specimemade ofAlloy 725 produced by forging and
precipitation hardened. Red arrows underline underdeposit corrosion

FurtherFESEM examination of the surface morphologyglre42) provided additional insight into

the underdeposit attack observed snper nickel alloysThe morphology of tseanodic regions
underined the microstructure. In the LPBRanufacturedAlloy 725, localized dissolution
highlighted a fine cellular subgrain texture, whereas in thethegted materia{both LPBF and
forged)the attack occurred preferentially along grain boundaries, in agreement with the intergranular
corrosionbehaviorobserved in laboratory testingor Alloy 625 produced by DED, interdendritic
region are visible inside the anodic region are thadisistent with the solidification microstructure

typical of the deposition process.
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Figure 42 - FESEM image of underdeposit corrosion ofA), B) Alloy 725, C), D) Alloy 725 LPBF, E),
F) Alloy 725 LPBF PH and G), H) Alloy 625 DED.
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