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Abstract

Since 3 % of the world’s total energy consumption (16 EJ) is used to remanufacture worn
parts, the potential for emission reduction which is important to tackle climate change is
enormous. Thus, alternative materials with significantly reduced environmental impacts,
omitting critical raw materials must be found. For wear protection, especially at higher
temperatures, Co, Cr and Ni are often used, which are critical raw materials with a
comparatively high environmental impact. Thus, the major goal of this study is to provide
sustainable alternatives for high-temperature wear protection which meet all four approaches
reducing a material’s carbon footprint: i) product light-weighting, ii) improvements in the
production, iii) intensive use and lifetime extension, iv) enhanced recycling. Having a closer
look at possible materials as high-temperature wear protection conforming these rules, iron
aluminides are a good alternative, yielding ~8.4 t CO2¢q/t compared to 13.8 t CO2¢q/t Of high-
Cr-alloyed cast steels, Ni-base alloys (~20-22 t CO2eq/t) or Co-base alloys (31-39 t CO2¢q/1).

Since iron aluminides provide low density, the light-weighting measure to reduce the impact
is met. To improve the production, laser metal deposition was used to deposit iron aluminide
claddings which enables a local functionalisation of a surface. To improve the lifetime
increasing the comparatively low hardness of FesAl (260 HV10) and wear resistance,
strengthening with different alloying elements was performed. Here, an FesAl matrix was
chosen, strengthened with different measures. Strengthening with Si, C and Ti+B led to low
hardness levels <500 HV10 at 20 °C but stable hardness up to 600 °C - due to low hardness
and hard phase content abrasives are incorporated into the surface, leading to a self-
protection effect (mechanically mixed layer) and thus low wear rates of 0.01-0.05 mm3/m up
to 700 °C. Precipitation strengthening with borides and carbides led to hardness levels of
~800 HV10 providing sufficient wear resistance up to 700 °C with wear rates between 0.03
and 0.05 mm3/m. To improve the lifetime and enhance recycling, up to 70 vol.% recycled
hardmetal scrap and sustainable TiC cermets were used to reinforce the FesAl matrix leading
to hardness levels of 1100 HV10 at RT and with 70 vol.% reinforcement with a stable plateau

up to 700 °C, entailing excellent wear rates of 0.04-0.05 mm3/m up to these temperatures.

In summary, all developed claddings are equally performant or outperform currently used
high-temperature wear protection solutions with high amounts of Cr, Co and Ni but with
environmental impact reduction of over 60% for GWP100 compared to Co-based wear

protection solutions.
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Kurzfassung

Um Verschleifdteile zu ersetzen, werden 3% des weltweiten Energieverbrauchs (16 EJ)
aufgewandt, was ein enormes Einsparungspotential an Treibhausgas-Emissionen darstellt.
Daher kdnnen alternative Verschleifschutzlosungen mit geringeren Umweltauswirkungen
und ohne kritische Rohstoffe wesentlich dazu beitragen diese Emissionen zu reduzieren, da
insbesondere bei hdheren Temperaturen, Co-, Cr- und Ni-Werkstoffe eingesetzt werden
(kritische Rohstoffe mit vergleichsweise hohen Umweltauswirkungen). Daher ist das
wesentliche Ziel dieser Studie, nachhaltige Alternativen flur den Hochtemperatur-
verschleifschutz aufzuzeigen, die alle Ansatze zur Verringerung des 0okologischen
Fufabdrucks eines Werkstoffs berlcksichtigen: i) Verringerung der Dichte, ii) Prozesseffizienz
bei der Herstellung, iii) Lebensdauerverlangerung und iv) Erhéhung des Recyclinganteils.
Diese Ansatze und ein genauer Blick auf mogliche Alternativwerkstoffe fur den
Hochtemperaturverschleilschutz zeigen, dass Eisenaluminide nur etwa ~8,4 1t COgeq/t
Erderwarmungspotential aufweisen und im Vergleich zu 13,8 t CO2¢q/t von hoch-Cr-legiertem
Stahlguss, Ni-Basislegierungen (~20-22 1t CO2eq/t) oder Co-Basis-Legierungen (31-39t

CO2¢q/1) deutliche Emissionseinsparungen bei der Produktion ermdglichten.

Da Eisenaluminide eine geringere Dichte als Werkstoffe auf Fe-, Ni- oder Co-Basis aufweisen,
ist eine weitere Einsparung erfullt. Um die Produktion effizienter zu gestalten, wurden die
Eisenaluminide als Laserbeschichtung ausgefuhrt, um Substrate durch lokale
Funktionalisierung gegen Verschleifd zu schitzen. Um die Lebensdauer zu verbessern, wurden
verschiedene Legierungskonzepte auf FesAl-Basis erarbeitet. Legieren mit Si, C und Ti+B
fuhrte zu vergleichsweisen geringen Harten <500 HV10 bei 20 °C mit stabilem Niveau bis
600 °C - aufgrund der niedrigen Harte und geringen Hartphasen wird Abrasiv in die
Oberflache eingearbeitet, was zu einem Selbstschutzeffekt und so zu niedrigen
Verschleiraten von 0,01-0,05 mm3/m bis 700 °C fluhrt. Bor und Kohlenstoff fuhren zur
Ausscheidung von FeB/FesB und FeszAlC<1 und einer Harte von ~800 HV10 sowie
Verschleifraten zwischen 0,03 und 0,05 mm3/m. Zur Lebensdauerverlangerung und
Erhdhung des Recyclinganteils wurden bis zu 70 vol.-% recycelter Hartmetallschrott oder TiC-
Cermets der FesAl-Matrix beigefugt. Hohe Harten von 1100 HV10 bei 20 °C bzw. ~700 HV10
bei 700 °C, fihren hier zu geringen Verschleifraten von 0,04-0,05 mm3/m (20 °C - 700 °C).

Zusammenfassend zeigen alle entwickelten Beschichtungen vergleichbare oder bessere
VerschleifReigenschaften als derzeit verwendete Verschleiflschutzlosungen mit hohen

Anteilen an Cr, Co und Ni, aber mit einem bis zu 60% reduzierten CO2-FuRabdruck (Co-Basis).
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1 Introduction and motivation

Global warming has significant and irreversible consequences for the atmosphere, oceans,
cryosphere, and biosphere and thus must be tackled. Human activities have caused
approximately 1.0 °C of global warming until now and is likely to reach 1.5 °C between 2030
and 2052 if no actions are taken [1]. Therefore, emission savings by all possible measures
shall be applied limiting human-induced global warming to a certain extent [2]. Here,
tribology and wear protection can aid to achieve the set climate goals [3]. Approximately
23% (~119 EJ) of the world's total energy consumption is lost in tribological contacts,
whereby 20% (103 EJ) is lost for overcoming friction in transmission systems and 3% of the
world’s total energy consumption is used to remanufacture spare parts for wear protection

and tribology-related failures [4,5].

The potential reduction by different approaches is enormous. Using alternative surface,
materials, and lubrication technologies in order to decrease friction and/or increase the
wear protection, energy losses can be cut by 40% until 2032, causing possible 3,140 Mt
CO2¢q until then [4]. Different approaches to decrease the impact of materials used in

engineering were proposed and were summarised in the United Nations Gap Reports [6]:

e Product light-weighting or materials substitution
e Improvement of materials manufacturing and production
e More intensive use and lifetime extension

e Enhanced recycling and reuse (end-of-life)

This enables a high potential of resource, energy and emission savings [7]. As pointed out
by Woydt [7,8], doubling the lifetime of materials in their applications, up to 3.7 Gt of mass
resources as well as 6.8 Gt of CO2¢q/year can be saved. Thus, a huge potential of emission
and resource savings can be achieved by developing and using wear protection materials
with a lower ecological impact during production combined with an increased lifetime in
applications. Here, the impact of direct (metallurgical production) and indirect measures
(microstructure-property enhancement for lifetime increase) can aid to a significantly

decreased carbon footprint of the product [9].

Currently used wear protection solutions, especially for high-temperature (HT) applications
are made of cobalt- and nickel-based alloys with high amounts of chromium, tungsten,

molybdenum among other refractory metals [10,11,12].

Harald Rojacz 1
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To overcome thermal degradation, iron-based alloys are alloyed with the same alloying
concepts [13,14]. Also, an eventual reinforcement with hardphases such as tungsten
carbides [15,16], chromium carbides [17], titanium carbides [18] or others can be utilised
during casting or coating deposition [19,20]. Most of these materials are not only listed as
critical raw materials in the European Union [21,22] but do have the disadvantage of a high
environmental impact during manufacturing [23] as well as toxic emissions in some cases
[24]. Therefore, replacing materials with similar or increased lifetime but at lower
environmental impact is of great interest. To overcome the issues with critical availability as
well as the significant environmental impact, the chemical element sustainability index
(CESI) [23], as well as the EU critical raw material act [21] spotlighted the use of iron-based
materials. Due to the low cumulated impact of aluminium as well as iron, alloying concepts
based on Fe-Al are expected to be more sustainable than currently used wear protection

concepts as indicated in the CESI periodic table, Figure 1.
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Figure 1: Colour-coded periodic table visualizing the 2015 chemical element sustainability index (CESI), as
presented by Smith et al. [23].

Iron aluminides (FeAl or FesAl) do have the advantage of their intermetallic nature, which
lead to good mechanical stability even up to 600 °C [26] The drawback for their wide
applications as wear protection is their comparatively low hardness of ~250-300 HV10 [25].
Therefore, strengthening and/or reinforcement with hardphases is needed to achieve
comparable or better wear resistance, which shall be elucidated in this study. Based on the
mentioned four approaches from the UN Gap Report decreasing the impact of materials [6],
novel wear protection solutions were developed in this thesis, which are reflected by the

respective publications (Section 6).
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Product light-weighting and materials substitution was achieved by using strengthened iron
aluminides as matrix for wear protection claddings with a significantly lower density (~6.0-
7.0 kg/dms3) [26] than cobalt-base alloys with ~8.8-9.0 kg/dm?3 and nickel-base alloys (~8.8-
9.0 kg/dms3) [10], or other iron-based alloys with ~7.5-8.0 kg/dm3 [27]. Here, a lifecycle
assessment (LCA) on cast wear protection materials as provided in the scientific contribution
(Publication | and Il) and previous existing literature [23,28] aided the materials selection
for materials with a significantly decreased environmental footprint as represented by iron

aluminides.

Laser metal deposition (LMD) was the choice of manufacturing, since it can functionalise a
surface locally wherever needed, with the advantage of a significantly decreased material
utilisation [29,30]. Further improvements in the materials manufacturing and production
were made by optimising the laser cladding parameters, aiming on low dilution and thus a

high deposition efficiency of the used powders [31].

To cover the point of more intense use, the lifetime of the developed claddings was tested
and evaluated close-to-reality in low-stress abrasion (ASTM G65 - Dry Sand/Rubber Wheel
test [32]) and high-stress abrasion tests from room temperature (RT) up to 700 °C in a dry
sand/steel wheel test (HT continuous abrasion test HT-CAT [33,34]). Here, solutions with
increased lifetime and reduced wear rates at all temperatures are searched. As the point of
re-use and recycling is of high importance, recycled hardmetal scrap (HMS) [35,36] was used
to reinforce different cladding variants to achieve low wear rates and low environmental

impact.

Since all four approaches shall be implemented, different iron aluminide claddings were
developed via LMD, aiming on a sustainable alternative for HT wear protection solutions.
Strengthening (Publications Il to VI) was performed with silicon (solid solution
strengthening), as well as precipitation strengthening via borides (TiB> and FeB/Fe2B),
carbides (perovskite-type carbides FeszAlC<1), and combined borides and carbides via B and

C additions was done to increase the hardness.

Reinforced claddings were produced with additions of recycled HMS and TiC for excellent HT
performance (Publications VIl and VIII). The developed claddings outperform commonly used
cobalt-based claddings (Stellites) or nickel-based claddings, e.g. NiCrBSi alloys or Fe-based,

complex alloyed FeCrC-systems in abrasive environments up to 700 °C.
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To quantify the environmental impact of the developed claddings, Publication IX features a
study on the environmental impact of the different alloying systems used for wear protection,
the influence of powder manufacturing as well as laser cladding itself. Here, the iron
aluminide claddings, especially the HMS reinforced show lowest GWP100 values, especially
compared to Co- and Ni-based solutions. Also, local functionalisation by laser cladding can

help to reduce the overall emissions of a wear protection solution.
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2 Wear and wear protection

This chapter summarises abrasive wear mechanisms at ambient and elevated temperatures

and possible wear protection measures.

2.1 Fundamentals of abrasive wear at ambient and elevated temperatures

2.1.1 Abrasive wear phenomena

Abrasive wear is a common wear phenomenon when two materials with different hardness
levels are moving against each other under load, where the harder material impinges and/or

moves along the softer material [37].

The type of contact between two materials’ surfaces determines the modes of abrasive wear,
which can be categorised in two-body abrasive wear and three-body abrasive wear,
depending on the respective contact situation [38]. In two-body wear, hard particles from a
hard surface displace and/or remove material from the softer surface by ploughing or cutting
under load. In three-body wear free particles from a hard surface or an abrasive in between
two surfaces freely roll and slide on a surface causing damage [38,39]. In this definition the
severity of wear is neglected and should be also noted, e.g. gouging, high-stress or low

stress, etc. [39].

According to Zum Gahr, abrasive wear mechanisms can be categorised in 4 main types: (i)

microploughing, (ii) microcutting, (iii) microfatigue and (iv) microcracking, Figure 2 [40].

Figure 2: Fundamental abrasive wear mechanisms according Zum Gahr [40]: a) microcutting, b)
microploughing, ¢) microfatigue, d) microcracking, image adapted from [41].
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In general, abrasive wear is dominated by plastic (deformation) mechanisms, where at the
onset of abrasion, the abrasive particle penetrates the opposing surface. When in relative
motion, the abrasive particle ploughs the surface, leaving a groove. Depending on the angle
of attack, the load and the hardness of both materials, the softer material is removed as
debris during microcutting [42]. Therefore, can be said that abrasive wear of uniform
materials is inversely proportional to the hardness of the abraded material, but directly
proportional to the applied load [43]. When cyclically loaded, microfatigue of the surface
may occur, whereby material is repeatedly ploughed or cut, inducing strain hardening and
embrittlement to the surface [37]. On brittle materials, such as ceramics or ceramic thin
films, microcracking may occur [40]. A classification of abrasive wear can be done by the

governing stress levels as follows [44,45,46,47]:

e Gouging: large abrasives, e.g. chunks of rock, are crushed or handled. Here, high
stress levels dominate during crushing and conveying minerals with edges and thus
high localised stresses lead to massive plastic deformation.

e High-stress abrasion appears when abrasive particles are compressed between two
materials, e.g. grinding, mills, etc. where the abrasive particles are fractured within
the contact situation [56].

e Low-stress abrasion occurs when the abrasive particles do not fracture during the
wear process. This can either be attributed to low contact stresses and/or the
presence of a slurry.

e Solid particle erosion occurs when freely moving particles impact a surface. The load
is solely transferred via the kinetic energy of the particles.

The susceptibility to wear can be summarised in the so-called wear coefficient k, Figure 3,
where this coefficient considers a dimensionless quotient of the amount of volumetric wear
Wy times the hardness of the wearing material H divided by the normal load Fy and the
sliding distance s [40]. Here, the severity of the wear is expressed by k, whereas sliding wear
tends to have comparatively low values, when the governing stresses are low and eventual
lubrication is present. Severe sliding wear occurs in dry contacts and/or at higher loads [48].
Two- and three-body abrasion have an increased wear coefficient. Load levels, the abrasive
itself and its shape and properties, relative velocity and the contact conditions play a major
role on the severity of wear [43]. Erosive wear by solid particles, due to the combined impact

and abrasion shows high wear coefficients [40], as does impact-abrasion [49].
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Figure 3: Intensities of forms of wear as represented by the wear coefficient k (from [40]).

Furthermore, the threshold load for the onset of either plastic deformation behaviour (a
change from pure elastic behaviour to microploughing) or from microploughing to actual
material removal (a change from microploughing to microcutting, resulting in chip formation)
and/or unstable scratch behaviour with concomitant cracking, chipping, and/or material
overlapping can be demonstrated via scratch testing and may be used to rank materials in
terms of their abrasion resistance [50]. Nevertheless, since scratching is a single event,
surficial fatigue, micro-cracking and the resulting spallation of grains or hard phases may
not be fully evaluated via scratch testing [50,51]. Consequently, scratch resistance may
provide valuable insights into the materials changes and the potential for strain hardening
during abrasion [52,53]. However, the comparison of damage mechanisms generated in
scratch tests are comparable to those found during abrasion testing, but the effect of cycles
is not covered and only a qualitative ranking instead of a quantitative prediction can be made

[50,54].

Abrasive wear at ambient temperatures is mostly present in mining and minerals processing
[55], earth-moving [56] and agricultural applications [57,58]. In the heavy industry and
metallurgical engineering HT wear is more dominant [49], which shall be summarised in the

following chapter.

2.1.2 High-temperature abrasion

HT abrasion is a severe form of wear, combining the load burden of temperature and
abrasion, causing significant downtime and maintenance costs in various industrial

applications [49].
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HT abrasion is mostly present at components operating in harsh environments, such as
power plants [59], during materials handling in the heavy industry [34], at slag pots [60], in
the sintering plant for the iron and steel production [47,61] and in general different
aggregates from furnaces to conveying systems [62,63]. Since engineering materials are
affected by significant materials changes under HT conditions, mostly combined oxidation
and/or HT corrosion [64], materials degradation is a major factor. Main degradation
mechanisms of common material systems are:

e Thermal materials softening

e Thermal fatigue

e HT oxidation and corrosion

Materials softening is caused by recovery effects (stored energy and increased movement
of dislocations to reduce the concentration of lattice defects; either collectively as low-angle
boundaries or individually), recrystallisation (movement of high-angle grain boundaries) as
well as grain growth (increased mobility of high-angle grain boundaries and increased
surface energy) [65]. Thus, the reduction in the hardness at elevated temperature, leads to
a significantly reduced mechanical stability [66] and therefore an increased abrasive attack
[50]. The role of softening and its concomitant hardness loss depends on the respective
material; iron-base alloys tend to soften between 500 °Cand 700 °C, depending on alloying
and phase constitution [66], whereas nickel-base alloys show higher temperatures for
increased hardness loss up to >700 °C [49]. In presence of hardphases, materials softening
can lead to easier removal of such alongside hardphase fracture, displacement and
significant loss of wear protection since a mechanical backup of the matrix onto the
hardphase is crucial [50,67,68]. Anyhow, softening can be beneficial in certain abrasive
regimes as well. If the hardness of a material is low enough, usually lower than 400 HV, the
material tends to incorporate abrasive particles on a high level, self-protecting the material
against further abrasive attack due to the formation of a mechanically-mixed layer (MML)
[33,]. The phases present in a material and their properties have a signhificant influence on
the MML formation [69,70]. Another factor for the MML formation is the inter-particle
distance (IPD) of the hardphases [71]. If the IPD is large, the matrix is worn out at a higher
level, especially at low-stress abrasion and/or mild impact-abrasion [71,72]. For high-stress
abrasion and elevated temperatures, the MML formation is increased at higher IPD, leading
to a self-protection of the surface to a certain extent [49]. Thus, the hardness levels of matrix,
hardphases, the abrasive as well as the IPD of the hardphases must be considered when

designing a wear protection material.
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Also, thermal fatigue, so the consequence of cyclic heating and cooling, leads to crack
formation as well as significant microstructural changes [73,74]. These changes may lead

to an increased abrasive attack due to the weakened materials [75].

Further, concomitant HT corrosion can play a crucial role on the wear of materials at elevated
temperatures. HT corrosion summarises all forms of reactions of a material with its
surrounding atmosphere at elevated temperatures in the absence of an aqueous electrolyte
[73]. It includes HT oxidation, carburisation, nitriding as well as sulphidation and
chlorination, where scales of metal and the respective corrosive anion are formed [73,76].
Here, the scales can be either beneficial on the wear behaviour, e.g. when they have
lubricating properties, or can lead to a significantly increased abrasive attack, when brittle

and/or easily removable [77,78]

The influence of the degradation mechanisms is intensively discussed in literature, whereby
some can be beneficial, and some can vastly decrease the wear resistance. Thus, the whole
tribosystem must be considered when testing and selecting a material for a specific

application.

2.1.3 High-temperature abrasion testing

Different abrasion tests were developed, aiming at the elucidation of different abrasion
regimes. The most common abrasion test is the ASTM G65 dry sand/rubber wheel standard
test simulating low-stress three-body abrasion [32]. As an addition of AC2T research GmbH
(AC2T) to this setup, a HT resistant rubber was utilised enabling low-stress three-body
abrasion up to 600 °C [79]. Another HT modification was done at AC2T using a steel wheel,
causing high-stress abrasion and enabling testing up to 800 °C [80]. Here, the possible
materials range from boron and tool steels [81], over metal matrix composites (MMCs) [49]
and ceramics [82]. A drawback of this routine is the comparatively low abrasive particle size
(max. ~600 uym), where the abrasive must be fed through a nozzle into the tribological
contact between turning wheel and specimen. Anyhow, if the load is chosen according to the

respective application, materials behaviour can be elucidated close-to-reality [80].

For larger abrasive sizes, different pot-like wear test rigs, such as stirring pot type tests, or
the impeller-tumbler test were developed [83,84]. For HT, Antonov & Hussainova [85]
developed test rig for HT abrasion in larger abrasive considering oxidation as well, where

synergies of oxidation and abrasion of different MMCs were found.
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For combined impact-abrasion tests, the HT-CIAT, the HT cyclic impact-abrasion test was
developed at AC2T, consisting of a plunger cyclically hitting a tilted surface with abrasive fed
into the tribological contact, enabling the combined testing of impact, abrasion in 3
respective zones [86]. Other possibilities for wear testing at elevated temperatures include
HT solid particle erosion [49] and HT sliding on the SRV®-principle at elevated temperature
as presented by Hardell et al. [87], fretting tests performed by Kalin et al. [88] or pin-on-disc-
tests as performed by Torres et al. [89] aiming more on frictional effects or forming

applications in two-body contact with concomitant oxidation rather than abrasion.

2.2 Wear protection against (high-temperature) abrasive attack

HT abrasion is a major failure mechanism on core components in various applications, such
as in aerospace, power generation, industrial processing and heavy industry. The main
challenge is to develop materials or coatings that maintain mechanical strength at the
application temperature while resisting wear, oxidation and corrosion at such temperatures.
To tackle abrasive attack different mitigation strategies can be used. Here, a proper

materials selection or surface treatment can significantly reduce unwanted abrasion.

As classical wear-resistant steels, such as martensitic steels (e.g. Hardox® wear plates or
similar products), have their maximal application temperature at 300 °C to max. 500 °C
[90,91], their use is limited as long-time wear protection at HT. With a comparatively low
hardness range of ~400-600 HB, their general applicability in highly-loaded abrasion
conditions is limited to low-stress abrasion at ambient temperature and temperatures up to
300 °C [91,92], e.g. in wear protection at dump trucks and other materials handling
applications [90]. Hot forming tool steels [93] and HT resistant martensitic steels such as
ASTM P92 [33], high-speed steels (HSS) [94] and chilled high-chromium cast irons [95]

feature increased wear resistance due to their alloying.

Increased amounts of hardphases can be achieved via alloying and precipitations in bulk
materials such as HSS as example for steels [27] or different other bulk materials of cobalt
and nickel [10] as well as coatings [14]. Here, alloying elements can be used to achieve

certain specifications [94-95]:

e Matrix elements: usually Fe, Ni or Co
e Strengthening elements for matrix strengthening: Cr, Mn, Si, N, B and Mo

e Hardphase precipitating elements: Cr, V, Nb, Ta, W combined with C, B, N
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Since bulk materials, such as steels, Stellite-types or superalloys usually have an insufficient
wear resistance, an intended addition of hardphases, either by alloying and precipitating or

a specific reinforcement with hardphases can be done during processing.

Metallurgically, materials can be strengthened during processing via precipitation
strengthening, solid solution strengthening and dispersion hardening [96] whereas grain
boundary strengthening, transformation hardening and strain (or work) hardening are
deviated effects [97]. Hardphase reinforcement can be done during casting [98],
metallurgical coatings (cladding, welding) [99,100] or surface hardening techniques such as

diffusion coatings (e.g. nitriding, boriding, carburising, etc.) [99,101].
Coatings can be applied in manifold ways and based on different materials classes:

e Metal matrix composites (MMCs) are reinforced metal alloys containing ceramic
particles, either precipitated by alloying measures or reinforced with hardphases of a
specific size and type. This leads to improved hardness, wear resistance and
mechanical strength especially under HT since matrix and hardphases can be
optimised during processing. Typical processing routes are welding, (laser) cladding
and thermal spraying. Here, Fe-, Co- and Ni- based coatings with hardphases such as
chromium carbides (e.g. in FeCrC-based claddings [50]) or WC (NiCrBSi self-fluxing
alloys with WC or TiC [102]) or Stellite coatings with precipitated chromium carbides
are prominent wear protection solutions against HT abrasion [103]. An advantage of

these materials is their broad applicability due to their high ductility and hardness.

e Cermets are hardphase-rich materials with a small amount of binder phase, typically
<20 vol.%, delineating them from MMCs. Here, a variety of ceramic hardphases, such
as oxides, nitrides, borides and carbides are bond in a metallic matrix. Depending on
the respective application hardphase and matrix are selected accordingly; due to the
with the high hardness of ceramic materials and the low content of binder phase
these materials show beneficial wear resistance. [104] Typical representatives are
hardmetals or other ceramic-based cermets, utilising WC, TiC or Cr3C> as hardphases
in binders such as nickel, cobalt or iron aluminide intermetallics [105]. Here,

sintering, thermal spraying [106] or laser cladding technigues can be used [107].

e Ceramic coatings can be applied via physical or chemical vapour deposition, thermal
spraying, etc. depending on thickness and application [108]. Here, pure alumina,
silicon carbide, silicon nitride, zirconia or titanium nitride-based coatings may be
applied [109].
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o Intermetallic materials can be used as wear protection as well. Due to their
intermetallic nature, they provide high strength up to 1000 °C, depending on the
intermetallic pairing. Ti-Al and Ni-Al may withstand mechanical burden at such
temperatures, whereas Fe-Al intermetallics may be used up to 800 °C. In their pure
form, the hardness of these materials is quite low (<400 HV), but when reinforced or
strengthened hardness levels up to ~1600 HV can be quantified and thus entailing

good wear resistance. [110]

e Other possible wear protection solutions are refractory metals due to their high
melting points and thermal-mechanical stability [13], different surface treatments to
form hardphases on the surface such as carbides (carburisation), borides (boriding),

nitrides (nitriding) or oxides (oxidising) and combined techniques [101].

To summarise the materials and processing part for HT wear protection solutions it can be
said that the use of wear-resistant steels is limited to temperatures up to 300 °C (in some
cases also a maximum of 500 °C). Thus, advanced materials such as ceramics, superalloys,
and different composite materials such as cermets, MMCs and similar materials must be
used, where each material has its limitations and advantages, strongly depending on the

application temperature and governing load burden.

For abrasion protection at HT up to 600-700 °C, claddings are widely used. Here, the variety
ranges from FeCrC-based systems with enhanced HT stabilisation as achieved via Nb, V, Mo
or W, where a good HT wear protection up to 600 °C due to its hardness can be pointed out
[47,66]. Cobalt-based alloys, especially reinforced Stellites (e.g. Stellite 6 + WC), offer a high
hardness of ~800 HV and thus a good wear resistance up to 600 °C as well [111]. For
nickel-based alloys, self-fluxing NiCrBSi-matrices with hardphase additions are commonly
used as HT wear protection, suitable for temperatures up to 700 °C [102]. Exceeding this
temperature, mostly ceramic or ceramic-based materials, either bulk or coatings are used

as wear protection [112].

To show typical microstructures, scanning electron microscope (SEM) back-scattered
electron (BSE) images of commonly used wear protection solutions for HT, as acquired at
AC2T, are presented in Figure 4. Figure 4a depicts a martensitic structure as found on the
martensitic, wear-resistant steel Hardox® 400. A hypereutectic, chromium carbide-rich
hardfacing is presented in Figure 4b, where coarse primary Cr;Cz carbides are found in a
hypereutectic matrix with secondary precipitations (Cr7Cs and Cr23Cs) [113], featuring good

hardness and wear resistance up to 500 °C [47,66].
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An iron aluminide cladding with a FesAl matrix and primary and secondary TiB2 precipitations
(black) is shown in Figure 4c. The microstructure of a complex alloyed FeCrNbCB cladding is
given in Figure 4d, where a martensitic matrix contains large primary chromium carbides
Cr7;Cs alongside rectangular Nb(Mo)C,B (medium grey) and Cr(Mo)23(C,B)s (bright grey)
precipitations [113]. Stellite 21 features a Co(Cr) matrix with Cr7Crs carbides (bright spots),
Figure 4e. An example for a thermal spray coating is presented in Figure 4f, where the darker
grey particles are Cr3C» particles within a nickel matrix (bright grey). Anyhow, the materials
used as HT wear protection utilize raw materials with a low overall sustainability. Co, Cr, Ni

are not only critical raw materials but have a significant environmental impact as well.

Figure 4: Microstructure of different wear protection materials used as seen in SEM-BSE mode: a) martensitic
wear-resistant steel, b) FeCrC-based hardfacing, c) iron aluminide with TiB2 precipitations, d) FeCrNbCB
hardfacing, e) Stellite 21 cladding, f) CrsC2-Ni thermal spray coating.
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Thus, the need for a more sustainable wear protection for HT service omitting these
materials is of great significance, where papers on sustainable wear protection are currently
scarce. This issue shall be addressed in this thesis by enhancing the wear performance of
sustainable iron aluminide claddings by different strengthening mechanisms and/or

reinforcement.
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3 Sustainability aspects

Sustainability is more than “just” global warming, since all aspects of environmental
protection must be considered. Due to the industrial relevance and applicable legal
frameworks for environmental protection, the following chapters are mainly focused on the
greenhouse gas emissions and technology relevant impact categories caused by materials
manufacturing, the production of raw materials as well as semi- and finished products.
Different approaches in materials processing, technology as well as in tribological

applications, mainly focused on wear protection, are presented.

3.1 Life cycle assessment

The life cycle assessment (LCA) is a tool used to define the potential environmental impact
and resource consumption of a product or service over its entire life cycle or during a certain
stage of its life. The entire life cycle includes the extraction of raw materials, production, use
and disposal; Figure 5 [114]. This holistic ecological view on a product or process during
stages of the life cycle and its dependence on a specified function (reflected by a so-called
functional unit) is the main benefit of LCA. The methodology is standardised in the
ISO 14040:2021 (framework) as well as ISO 14044:2021 (methodology) [115,116].
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Figure 5: Stages of a product’s lifecycle as shown exemplarily via an ecological footprint (adapted from
[1177).

During a LCA, the potential environmental impacts of a product or process are summarised
[114]. Scientific data processing and aggregation is helpful to assign ecological impacts of
different stages of a product/process. However, the quality of a study is limited by the quality
and availability of ecological impact data [118,119]. Figure 6 provides an overview of the
individual phases of a LCA according the underlying standards [115,116]. In the initial stage,
the goal and scope of the LCA is delineated. Subsequently, the life cycle inventory phase and

impact assessment are conducted on this foundation.
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The impact assessment phase enables the calculation of ecological environmental impacts
based on the life cycle inventory. In the interpretation phase, the data obtained is subjected
to critical analysis. It is important to note that the level of detail may vary throughout the LCA

due to the increasing availability of data [120].

Goal and scope Life cycle Impact
definition inventory assessment

Figure 6: Four stages of a life cycle assessment.

As previously outlined, the initial step in conducting a LCA is to define the objective and
scope of the assessment. In accordance with ISO 14040:2021, the following elements must
be included and explicitly defined and summarised in the scope [115]:

e The product system and the function of the product system

e The functional unit

e System boundaries and allocation procedures

e Methodology for impact assessment, impact categories and methods for evaluation

o Data requirements, limitations and assumptions

e Values, optional components and requirements for data quality

e The type and structure of the report and a critical review, if provided

The function of the product system must be clearly defined in the scope of the LCA and the
functional unit must correspond to the objective and scope of the analysis. This functional
unit serves as a reference value and must be clearly defined and measurable, as all input
and output data are standardised to it [121]. By aggregating the underlying data and defining
a reference flow as done in the life cycle inventory, it is possible to calculate the environ-
mental impact of a product or process for the chosen functional unit as done in the impact
assessment. If the required depth of the assessment requires additional data or process
units, it is necessary to include further data in the data set of the assessment. In the next

step, the inventory data obtained can be analysed and interpreted.
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This enables the comparison of different products or processes over a certain period of time

or over the entire life cycle in different impact categories [121,122].

Depending on the scope of the performed LCA, different impact categories can be assessed,
but characterisation models must be known in order to make appropriate choices of
respective impact categories, their classification and characterisation [114]. The following

input-related impact categories can be assessed [114]:

e Abiotic resource depletion

e Cumulative energy and exergy demand
e Biotic resource depletion

e Utilisation of (fresh) water

e Land use

Klopffer & Grahl [114] list the following output-related (global and regional impacts) impact

categories:

o Climate change (global)

e Depletion of the stratospheric ozone layer (global)

e Formation of photo-oxidants (continental/ regional/ local)
e Acidification (continental/ regional/ local)

e Eutrophication (continental/ regional/ local)

There are also toxicity-related impact categories, which are defined as follows acc. [114]:

e Human toxicity

e Ecotoxicity

In addition to the impact categories mentioned above, there are also nuisances caused by

chemical and physical emissions and radioactivity [114,121,122].

3.2 Life cycle assessment of materials and their processing

LCA data of technical materials are available to some extent but vary greatly due to the vast
influences of used technology, production site and location, the overall efficiency, the educts
used as well as the energy mix used for production, etc. [123,124]. Most studies calculate
materials from cradle to gate [23,28,125], where mostly averaged values on respective

impact categories are synthesised.
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Commonly used databases such as ecoinvent [126], GaBi [127], USLCI [128] and others,
provide good foundations for averaged as well as specific data for raw materials, finished
products, industrial processes, energy and others. When performing a LCA for a product or
a process, the own respective data shall be in the foreground. For materials manufacturing
and processing, existing literature data is limited due to the variety of possible processing
routes and the different approaches, system boundaries, quality of data, depth of the

performed LCA and used resources [129,130].

In a nutshell, few steps to new materials and processing routes in order to achieve more
sustainable metal products can be summarised in 5 steps [131], where a LCA can aid to
understand impacts of changes done achieving an impact reduction along the whole

manufacturing route:

e Develop work practices and maintenance
e Optimise processing

e Substitute raw materials

e Use new, more sustainable technologies

e New, optimised product design

In literature, often processing routes are compared regarding their environmental impact.
Here, often processing techniques with similar/same outcome are reconciled in a certain
depth to show the “greener” technique. An example relevant to this thesis, is the comparison
of metal additive manufacturing (AM) with conventional cast- and forged steels as performed
by Tengzelius [132]. Here, the difference between conventional and additive manufacturing
is significant on the first look and favours AM, but on a second look, the materials utilisation
rate equalises the advantage, whereas the lost material during powder production was not

considered.

LCA studies on conventional production and milling from bulk materials vs. AM often favours
AM as well, since the waste materials and the recycling effort, smelting, casting, rolling, etc.
does account for a significant number of emissions [133,134], when considering a better
materials consumption and materials efficiency. However, when studies report higher energy
consumptions for AM, conventional production is favoured [135]. Typical laser melting
processes do range between ~55 and 570 MJ/kg energy used for materials such as steels
or aluminium. Underlying a global energy mix, each MJ causes 0.481 kg CO2eq [136], leading
to roughly 8 to 79 kg CO2¢q per kg AM part caused by just energy consumption during laser

processing, omitting raw material production, etc.
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Compared to the average carbon footprint of conventional produced steel ranging ~2.0-
2.5 kg CO2eq/kg steel [137], one may doubt the advantage of AM over conventional

manufacturing

For powder processing, also different magnitudes of impact can be found. Here, the example
of a LCA for Ti powder by Landi et al. [138] shows, that 96% of the GHG emissions is caused
by atomisation and only 4% is accounted to the Kroll process. Assuming an average CO2eq
of Ti of 8.1 kg/kg as produced via the Kroll process, then the GHG emissions of atomisation
add ~202 kg CO2eq/kg Ti powder manufactured by electrode induction gas atomisation
(EIGA). Anyhow, a co-author of Landi states that the GHG emissions during EIGA are roughly
1 kg CO2¢q/kg [139], which is a significant difference. Thus, the obtained data from different

LCA studies must be carefully analysed regarding data quality and system boundaries.

Studies for Al powder production feature values of ~0.6-63 kg CO2eq/kg [135,140], steel
powder atomisation ranges from 0.6-15.7 kg CO2¢q/kg, depending on embodied energy and
alloying [135].

For cladding, i.e. functionalising the surface locally, substrate materials can be chosen
regarding the mechanical requirements and the surface may be protected by a coating
protecting the surface against, wear, corrosion, etc. [141]. As here LCA studies are missing,
one can only estimate the impact of the process via derivation of data from AM LCA studies.
This shows that the goal and scope, the underlying data and the depth of the performed LCA
always is of great importance. Therefore, to fully understand the influence of processing, raw
materials and energy use during manufacturing of different wear protection solutions,
different LCA studies were performed in this work to evaluate the developed materials and

their processing regarding their ecological impact (see Publications I, Il and IX).

3.3 Potential ecological impact reductions by materials and tribology

The potential for reducing the ecological impact by material measures as well as tribological
improvements is enormous. Tribology-wise 20% of the world's total energy consumption
(~103 EJ) is lost by overcoming friction, and additional 16 EJ (3%) are consumed to remanu-

facture spare parts and worn components as caused by wear and/or related failures [4].

Friction reduction, based on either lubrication or materials exchange are estimated to reduce
8 to 12% of the total primary energy consumption [8]. Considering the 37.12 Gt COoeq
emissions from this energy consumption (data from 2022 [142]), the possible reductions by

friction optimisation are in the range of 2.97 to 4.45 Gt CO2e¢q.
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Here, numerous examples were reported in literature, which provide small savings for each

measure, but in total the potential, as pointed out earlier, is enormous:

e Lowering the engine oil viscosity by 1% would save a calculated 1% of the total fuel
consumption [143], which would save ~1.1 EJ worldwide (roughly estimated to
0.53 Gt CO2¢q).

e Energy losses caused during the use phase of widely utilised deep-groove ball
bearings are estimated between 96 to 152 TWh per year, which is 0.40-0.63% of the
total 23,845 TWh global electricity produced (2019). Using friction optimised ball-
bearings would save approximately 20% of the lost energy and save ~0.08-0.13% of
the world’s total electricity produced by just one measure [144].

e Rolling resistance of tires can be optimised by materials and geometry measures
[145]. Considering optimised tires to save 170 kg CO2¢q in their lifetime of 35,000 km
per middle-class passenger car [146] an estimated total of 62.5 Mt CO2eq can be

saved each year assuming a tire lifetime of 4 years and 1.18 billion cars [147].

As given by the examples, tribology provides a wide range of solutions to reduce GHG
emissions and increase the overall sustainability. A non-negligible part can be attributed to
the lifetime prolongation of core components by sustainable wear protection solutions with
better or similar wear resistance as presented in Publication | (see 6.3). The estimation of
the potential resource pool for tribological measures to extend the service life of machinery,
ranges from 9.1 up to 17.6 Gt CO2¢q/anno. Under consideration of 32%-42% proportion of
material flows used for tribology-related applications and wear protection, up to 17.6 Gt of
materials can be estimated. Thus, doubling the service lifetime may result in savings
between 1.45 and 3.70 Gt of resources each year. Multiplied by the averaged GHG
emissions per tonne material (1.38-1.86 t CO2¢q/t material) savings of 2.00-6.77 Gt CO2¢q

or 3.8-13.1 % of the total materials related GHG emissions can be achieved.

Given the data, the production of materials inevitably results in the release of GHG along
other emissions, due to mining activities, extraction, processing and manufacturing. Usually
engineering materials are predominantly derived from non-regenerative resources [7]. This
issue gets more important in the next decades, since forecasts indicate that the material
footprint (excluding cycled resources) will increase from ~100 Gt (2017) [148] to 167 Gt or
>190 Gt in 2060 [149] due to increased demand. Thus, better raw material sourcing,
increased efficiency in fabrication and production, higher recycling rates, reuse and

remanufacturing, enhanced processing and manufacturing is of great interest [150].
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The most significant possible strategies for materials efficiency enhancements as

summarised by Hertwich et al. [151], are graphically presented in Figure 7.

More intense use -
w—pe- Production

assembly

—p= Waste flow
—p Recovery
Light-weighting & Reuse Lifetime extension
Material substitution
Extraction efficiency
: 7 : . ; Thermal use
Raw material ) Naste management / . . andfilling
Mining) Open-loop recyching d of life : e
(Mining i End of life Fertilizer

Figure 7: Materials cycles and the respective yields in materials efficiency strategies; adapted from [151].

Concluding for this chapter can be said, that many strategies can be used to improve
sustainable tribological and materials solutions and the resulting potential energy and
emission savings would help to enhance sustainability via different approaches. For this
thesis, all 4 points as stated in the UN Gap Report [2], namely i) product light-weighting or
materials substitution, ii) improvement of materials manufacturing and production, iii) more
intensive use and lifetime extension and iv) enhanced recycling and reuse (end-of-life) shall
be addressed to achieve sustainable wear protection solutions as alternatives for currently

used high-impact materials.
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4 Iron aluminides

4.1 Overview on microstructure-property relationships

Iron aluminides are intermetallic compounds primarily containing iron (Fe) and aluminium
(Al) and other minor constituents, influencing their microstructure and the resulting
mechanical and HT properties. The advantage of iron aluminides is the strongly attractive
chemical bonding between Fe and Al, which leads to ordering of the respective atoms at
specific stoichiometry [152]. Different possible intermetallic phases are pointed out in the

binary phase diagram, Figure 8.
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Figure 8: Binary phase diagram Fe-Al [153,154].

Commonly technical used iron aluminides have an alloying content <35 wt.% Al, whereby

two major phases can be pointed out based on the phase diagram.

e FeAl (bcc - B2 ordered)
e FesAl (bcc - DO3 ordered)

The unit cells of both phases, Figure 9, show the respective ordering of Al in Fe, whereby this
ordering leads to good mechanical properties, especially at HT. At RT, this ordering leads to
a brittle behaviour at RT; at elevated temperatures a brittle-to-ductile transition can be

observed [155].
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Figure 9: Unit cell representations of FeAl and FesAl as provided in The Materials Project [156].

Usually after casting or other melt-based techniques a rather coarse microstructure can be
observed for Fe-Al materials. Therefore, alloying with Ti and B can help to decrease the grain
size and enhancing ductility via grain boundary precipitations, such as TiB> precipitations
[157] or Fe(Mo)Si eutectics [158] and/or solid solution such as Ti, V, Mo and W in Fe-Al
[159,160]. Silicon is known to embrittle iron aluminides [158]; this effect may be used to

increase the hardness and yield strength of these alloys [161].

In general, the hardness of iron aluminides can be increased by four main strengthening
effects [162]: i) precipitation hardening, ii) solid solution strengthening and the formation of

iii) binary and iv) ternary intermetallic compounds.

For precipitation hardening, in this work solely carbon or boron were used to precipitate
hardphases. Alloying with carbon leads to the formation of different carbides, depending on
processing and other alloying elements [163]. At lower Al-contents perovskite-type carbides
of the type FesAlCo5 are expected to precipitate, whereas increased C-contents, FesAlCo.69
as well as Fe3AIC is formed [164,165]. Cementite Fe3C and AlsCs [166] only play a minor
role during consolidation. Ti and B were found to form finely dispersed TiB2 in the iron
aluminide matrix [167], whereas solely adding B induces iron borides [168].Fe2B is formed
in Fe-Al matrices with 20 at.% Al alongside 5-25 at.% B when rapidly solidified. Depending
on the processing parameters and other alloying Fe2B and FeB can form, whereas Al does
not contribute to the phase, remaining in the FexAl phase. At low boron concentrations
<0.5 at.%, vacancy hardening is achieved in Fez3Al [169]. Other studies report, that borides
are anyhow formed when exceeding 80 ppm B within an FeAl matrix at 40 at.% [170] or no

clear tendency for precipitations [171].
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The temperature limits for strengthened and unstrengthened iron aluminides usually lies

around 600 °C, whereas sufficient mechanical strength can be pointed out up to 800 °C

outperforming nickel and cobalt base alloys, Figure 10. Thus, iron aluminides have potential

to replace these materials, which are not only expensive but have a high environmental

impact.
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Figure 10: Yield stress vs. temperature plots: a) yield stress, b) density-corrected specific yield stress of

different material classes used in HT applications; from [160].

This high yield stress level can be attributed to various mechanisms throughout different

temperature ranges. As indicated in [160], iron aluminides may show a yield stress anomaly

(Figure 11).
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Figure 11: Yield stress vs. temperature plots of an Fe28Al alloy tested after casting, LMD and after heat

Harald Rojacz

treatment at 400 °C; from [160].

24



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Three different ranges exist in the temperature dependence of the yield stress as shown in
Figure 11. Up to 400 °C quenched-in vacancies are governing, whereas the processing of
the material is the main influence, where LMD does aid to a significant increase in both,
strength as well as vacancies. At lower temperatures, the thermal vacancies influence the
mobility of dislocations, whereas annealing decreases the vacancies and therefore incre-
ases the mobility of dislocations leading to a lower yield stress [160]. Between 400 °C and
600 °Ca peak in the yield stress can be seen for annealed and as-cast state of the material.
Here, the phase transformation from DOz to B2 is not connected to this effect, but vacancies

as well as a change in the dislocation motion are the major effects accountable [172].

As a general remark of the yield stress deviations at different temperature, shall be
mentioned, that the yield strength is comparable and proportional to the (hot) hardness
[96,173], which shows the general suitability of iron aluminides as wear protection material
due to the stable hardness behaviour up to ~700 °C, especially after LMD. Further shall be
mentioned, that the HT corrosion resistance of this alloys is known to be excellent. This can
be attributed to the high thermodynamic stability of the formed alumina scale against
various corrosive anions such as oxygen, chlorine or sulphur [173,174]. Therefore, iron
aluminides are promising candidates for wear protection at temperatures up to 700-800 °C

in challenging conditions.

4.2 Use as wear protection material

Studies on wear behaviour of iron aluminides are presented since the early 1990ies.
Schneibel et al. [175,176,177] and R. Subramanian et al. [178] from the Oakridge National
Lab showed that additions of Al2O3, WC and TiC to FeAl and FesAl leads to beneficial
mechanical properties and a feasibility of these reinforced iron aluminides in sliding

conditions at RT.

An abrasive wear study of FezAl in different compositions and ordering was performed in
[179], showing no influence of ordering and nearly no significance of alloying (23-27 at.%
Al) on the wear rate, but a significant tendency for strain hardening and thus a general good
wear resistance. The excellent abrasion resistance of WC-FesAl MMCs over WC-Co
hardmetals was also attributed to higher strain-hardenability in [180]. Alman et al. [181]
presented a thorough study on RT abrasion and HT erosion behaviour of differently
reinforced iron aluminide composites prepared by arc melting or liquid phase sintering. In
their study, MMCs with up to 80 vol.% TiC or WC or 40% TiB2 were added to Fe-Al melts via
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melt infiltration. Here, lowest wear coefficients in a pin abrasion-tester were found for FeAl
or FesAl with additions of TiB2 and TiC. For erosion tests WC-reinforced FeAl performs the
best, mostly comparable to a commercially available WC-6Co hardmetal, but with lower
erosion rates at 700 °C. This may be attributed to a stable or slightly increasing matrix

hardness of FeAl up to 400 °C [182] and high mechanical strength up to 700 °C [160].

Erosion, abrasive and sliding wear of different Fe40AlI HVOF coatings was investigated at RT,
where these coatings outperformed WC-10Co hardmetals in every test, due to the presence
of oxides present in the hardmetal-type HVOF coating brought in during processing [183].
For sliding wear, WC-FesAl features higher friction coefficients, but lower wear rates at
different loads and sliding speeds compared to WC-Co as tested via ball-on-disc tests [184].
Sliding wear at higher temperatures of (Fe-Al-B)-WC MMCs, led to abrasion up to 300 °C,
changing to adhesion-dominant wear at 400 °C, while the oxidation dominates at 600 °C,

overall outperforming WC-Co hardmetal by factor 6 at temperatures up to 600 °C [185].

HT wear tests were scarcely done. Ghanbari et al. showed the effect of nanoparticles on the
HT wear behaviour of spark sintered iron aluminides in sliding wear conditions, where
nanoparticles are beneficial to reduce wear over 90% at 600 °C [186]. HVOF-sprayed iron
aluminide coatings feature lower wear rates during sliding at HT up to 800 °C but may suffer
from delamination due to present oxide particles [187]. Intercalation of NbC in Fe-Al coatings
is beneficial for the wear resistance in ball-on-disc experiments, showing a 3.5 times higher

wear resistance at 500 °C compared to Fe-Al coatings [188].

Thus, considering the studies mentioned in this section, the feasibility of iron aluminides and
especially alloy-strengthened or reinforced iron aluminide-based MMCs is given. Anyway, HT
abrasion tests of iron aluminide materials and wear data of laser claddings are scarce, thus
leaving room for development of strengthened and reinforced iron aluminide claddings as

presented in this thesis.
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5 Methodology

5.1 Laser cladding

All laser claddings for this thesis were produced with a Coherent HighLight 20000D diode
laser system (Coherent Corp., USA) via the pre-placed powder method. Despite some
drawbacks of this technique, e.g. the manual masking and mixing and the limitation to
certain sizes [189], this cladding technigue has significant advantages - the variety of
elementary powders without the need of atomising powders with a specific composition, the
low dilution and the capability to powder blends without segregation during feeding while
achieving good cladding results and a large range of possible deposition parameters
[189,190]. Since the claddings developed for this thesis are novel and experimental,
powders with specific compositions were not commercially available, thus elemental or

binary metal powders and lab-scale produced cermets/HMS were used, Table 1.

Table 1: Powder feedstock used for laser metal deposition.

Powder Particle size [um]

Iron >99% purity 45-90

Aluminium >99% purity 45-90

Aluminium + 12 wt.% silicon >99% purity, rounded 45 -90
Titanium >99.5% purity, angular/blocked 140 - 325

Carbon (graphite) >99% purity <75

Ferroboron + 20 wt.% boron >99% purity, blocked 100 - 325
TiC-NiMo cermets [191] 125-325
125-350

Hardmetal scrap [192,193] 250 - 500

All powder mixtures with the respective chemical composition as intended were manually
mixed in isopropyl alcohol and masked onto a sheet metal substrate. Here, S235JR (1.0038)
sheet metal (size of ~150x100x10 mms3) was used to deposit 3 tracks on each plate, with
the intention of the low alloying of this steel to prevent any dilutions of other chemical
elements into the iron aluminide claddings. After masking, drying was performed and
specimens were pre-heated to the optimal temperature. The respective laser parameters
were optimised for each cladding variant, via pre-tests with different laser spot sizes, scan
speeds and pre-heating, aiming on the lowest possible dilution (in our case 23%), which was
then corrected by additional alloying to achieve proper chemical composition as controlled

via light optical microscopy (LOM) as well as SEM/EDS (cf. chapter 5.3).
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Based on the pre-tests, the dilution was corrected according to the LOM and SEM/EDS
measurements performed, ensuring a max. error of 3-5% relative for the Al content and a
max. of 10% relative for carbon and boron, which are “hard-to-measure” elements [194].
The laser parameters used for the optimised LMD of the different strengthened iron

aluminides, developed in this study, are summarised Table 2.

Table 2: Parameters used for laser metal deposition of the developed claddings.

Parameter Parameter window
Laser power 4 kW - 7 kW
Laser spot size 24x3 mm?2
Scan speed 3.5 mm/s - 10 mm/s
Preheating temperature 200 °C -400 °C

After LMD, the claddings were cooled to RT, specimens for materials analyses and wear test

specimens were taken and treated as described in the following chapters.

5.2 Abrasion testing at ambient and elevated temperatures

Abrasion tests of selected claddings were performed with a dry sand / wheel abrasion test
with different wheels, achieving either low-stress abrasion (rubber wheel acc. ASTM G65
[32]) or high-stress abrasion (steel wheel and elevated temperatures up to 700 °C) [33,49]:
A schematic of the device is presented in Figure 12 , where the specimen is pressed against

a rotating wheel with an abrasive flow in-between.

- l| Il Abrasie Meed
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Rotatingwheal . | |
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Figure 12: Schematic of the dry sand / wheel abrasion test in accordance with ASTM G65 [32].

For HT tests, the specimen was inductively heated to the respective temperatures. The
normal load was applied via a lever and weights achieving the requested normal loads. The
relative velocity for both variants was achieved under knowledge of the diameter and

rotational speed. The parameters of both test variants are summarised in Table 3.
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Table 3: Parameter for the performed dry sand / wheel tests performed on the developed claddings.

Parameter Low-stress abrasion tests High-stress abrasion tests
Normal load 130N 45 N
Relative velocity 2.3 m/s 1m/s
6000 or 2000

Wheel revolutions 600

(Procedure A or B)
Martensitic, wear-resistant

Counterbody wheel Neoprene rubber - 60 Shore A steel Hardox® 400 (380 HV)
Abrasive Standard Ottawa quartz sand  Standard Ottawa quartz sand
Temperature 20 °C 20 °C, 500 °C, 700 °C

Before and after the tests, weighing of the specimens was done with a laboratory scale after
cleaning in an ultrasonic bath with acetone and subsequent drying. The wear rate in
[mm3/m] was calculated via the gravimetric difference, the respective materials density and
the total sliding distance. Specimens were tested in ground condition to ensure the same

surface roughness and plane-parallel surfaces to prevent uneven wear scars.

For pre-selection of suitable candidates, a HT scratch tester, the so-called HT harsh
environment tribometer (HT-HET) [195] was used in some publications of this thesis. Here,
specimens were heated to the desired temperature (20 °C, 500 °C and 700 °C) and
scratches with increasing load from 5 to 100 N or 5 to 300 N and a diamond Rockwell tip
(200 um tip radius) were performed depending on the cladding’s behaviour. With these
scratches, critical loads for hardphase fracture or loads for changing wear mechanisms were
analysed and suitable claddings were found for an in-depth analysis of their HT abrasion
performance. Also, in some studies the scratch hardness Hs was calculated to show the

influence of indentation hardness (HV) and Hs on the wear resistance and critical loads.

5.3 Complimentary materials analyses

Since wear is significantly affected by the respective microstructure-property relationships,
a thorough analysis of the developed claddings was performed. After cladding, metallo-
graphic cross-sections were prepared to investigate and control the dilution with means of

optical microscopy (Zeiss Imager M2m, Zeiss AG, GER).

To quantify the chemical composition of the cladding variants, SEM/EDS-measurements
were performed with a Jeol JIB-4700F cross-beam SEM (Jeol Ltd., JP) equipped with a Bruker
x-Flash 6|30 EDS detector (Bruker Corp., USA). Three different areas at 500 ym x 400 um
were chosen for investigation, randomly distributed over the cladding’s cross-section to get

a proper average.
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To determine phases, present in the claddings, Bragg-Brentano X-ray diffraction (XRD) was
performed on selected specimens (10 mm x 10 mm) utilizing an Empyrean diffractometer
(Malvern Panalytical Ltd., UK) with a Cu-Koa source at 1.54 A powered with 45 kV
acceleration voltage and 40 mA current. To localise phases present, EBSD measurements
were performed within the same SEM, equipped with e-Flash HR EBSD detector (Bruker
Corp., USA). Here, acceleration voltage, probe current as well as detector distances, pixel
sizes, etc. was adjusted and optimised to the respective region of interest, the present
phases sizes as well as the magnification needed. The performed metallographic

preparation of the specimens was described in detail in [196].

To verify wear mechanisms, SEM investigations were conducted with the same SEM used
for materials analyses at optimised conditions. For some publications, EDS measurements
on the surface silicon content were performed, to quantify the abrasive coverage, reflecting

the MML formation and thus the self-protection effect [80].

For determination of the cladding’s hot hardness, the HT-HET was used [195]. Here, Vickers
hardness (HV10) with a load of 98.1 N was determined from ambient to 900 °C in steps of
100 °C. For statistical reasons at least 5 indents each cladding and temperature were
performed. After cooling the indent diagonals were measured and the Vickers hardness was

calculated [195].

The phase’s hardness and Young’s modulus were quantified with a Hysitron Triboindenter
TI 950 (Performech 2 transducer - Bruker Corp., USA). Here different peak loads for
nanoindentation (NI) were chosen depending on the phase’s size and hardness from
1,000 uN to 10,000 uN. Loading and unloading was performed for 5 s each and a holding
segment of 2 s at peak load was done. After indentation, the hardness H was evaluated via
peak load and the respective indentation area projection [197]; the reduced Young’'s

modulus E was determined via the Oliver-Pharr method [198].

5.4 Life cycle assessment

The LCAs performed for this thesis were done in accordance to the ISO 14040 standard
[115] and related standards of the 140xx standard family. The calculations aimed at the
comparison of either material classes, the environmental impact of different processing
steps and/or general wear protection solutions (finished products). Here, Publication | aimed
at the investigation of the difference in environmental impacts of cast iron aluminides and

white cast irons and the possible savings in applications via the wear rate.
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Publication Il focused on the environmental impact of different material classes, Fe-, Ni- and
Co-base alloys in cast condition, to show the impact of material classes on the general
environmental impact and in specific wear protection applications. For Publication IX, a
comprehensive study on material classes, the powder manufacturing, laser cladding and

complete laser cladding solutions was performed.

For calculations the openLCA software package (GreenDelta GmbH, GER) was used. Version
1.10.3 was used for Publication | and Il and version 2.1.1 for Publication IX. Data on
materials and processes were taken from the ecoinvent 3.8 (Publication | and Il) or 3.10
(Publication IX) database, which is provided by the ecoinvent Association, CH. The ReCiPe
Midpoint V1.13 impact estimation method [199] and the cumulate energy demand (CED)
method [200] were utilised to analyse different relevant impact categories, depending on

the respective publication, such as:

o Global warming potential

e Cumulative energy demand
e Terrestrial ecotoxicity

e Fossil depletion

e Water depletion

e Metal depletion

As functional unit, 1 dm3 wear protection solution was chosen for Publication | and II,
whereas 1 m? surface protected against abrasive wear was chosen in Publication IX
alongside 1 kg powder processed, and 1 kg alloy produced before gas atomisation. In
general, all volume-based functional units were also converted in impact per kg material. For
all LCAs performed, data was extracted from the ecoinvent databases with reference flows
of 1 kg product, or 1 kWh energy or 11 gas. Then the reference flows were converted into
the respective functional units, via different factors such as density, pressure, molar mass.
Here, calculations, data evaluation and presentation were done to summarise the
environmental impact of each wear protection solution, processing step and/or raw material
used. The environmental impact data was plotted accordingly and thoroughly discussed and
critically reviewed as stated in the ISO 14040 and 14044 [115,116]. The schematic of the
performed LCA and respective boundaries of each processing step considered is graphically
shown in Figure 13. Here, boundaries for each processing step or considered media such as
raw materials (influence of alloying), processing (either powder production, casting, or

cladding, etc.) or for the whole wear protection solution were set.
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For the processing, different media, energy, machinery and auxiliary processes were
considered for an in-depth study, closing the knowledge gap for GWP100 data of powder

processing and laser cladding.

System boundary (wear protection solution)

ﬂ Processing
i

=== System boundary (processing)

e

kes  Application

Market delivery pre

Figure 13: Schematic flow scheme of the LCA performed.

In all three publications with LCAs, this scheme was followed. In Publication | and Il the focus
was set on alloying where processing was only provided by a delivery process for casting,
whereas Publication IX features deeper analysis of alloying, powder processing, laser
cladding and whole wear protection solutions. In Publication Il, case studies were presented,
where wear rates from different applications (HT abrasion, HT erosion at different
temperatures and wear intensities) were used to derive lifetimes and thus potential emission

savings by different material related measures.
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6 Scientific contribution

This chapter provides an overview of all publications that originated from this thesis. The
findings of Publications | and Il contribute to the existing body of knowledge regarding the
ecological impact of different wear protection solutions. They demonstrate that iron
aluminides are a promising alternative to Co- and Ni-based alloys as cast wear solutions for
HT service. Publications Ill to VIII address the processing of iron aluminide-based wear
protection via laser metal deposition, as well as their performance in abrasive wear conditions
at ambient and elevated temperatures up to 700 °C via different strengthening techniques.
In this context, the influence of solid solution hardening with silicon as well as precipitation
hardening via carbon and titanium and boron combined on the scratch and abrasion
resistance was investigated in Publications Ill and IV. The processing and wear performance
of up to 20 at.% B-and/or C- strengthened iron aluminides were reported in Publication V and
VI. Given that strengthening can enhance wear resistance, Publication VII and VI
demonstrate the impact of reinforcement hard phases, namely WC and TiC, on ambient and
HT wear resistance. In order to assess the sustainability of diverse coating techniques and

selected claddings, the ecological impact of these was compared in Publication IX.

6.1 Contribution to the field and novelty

Publication | shows the general feasibility of cast iron aluminides as high-temperature (HT)
wear protection up to 700 °C. Since, the intermetallic nature of cast iron aluminides provides
good mechanical stability at comparatively low densities in contrast to commonly used iron-
and nickel-based wear resistant alloys such as white cast irons or Inconel alloys, product light-
weighting and materials substitution is addressed. Here, cast alloys with 25-30 wt.% Al, under
additions of Ti, B and Si were compared to a white cast iron (1.4777). HT abrasion tests were
performed up to 700 °C, where wear results point out a significantly better behaviour of the
iron aluminides at 500 °C and 700 °C at a quarter of the wear rates of the white cast iron
(~0.04 mm3/mvs. ~0.01 mm3/m) in high-stress abrasion conditions, which can be attributed
to beneficial mechanical properties of iron aluminides enabling the formation of protective
MMLs under incorporation of abrasives. Based on the materials data and performance, a
comparative life cycle assessment (LCA) was then performed to assess the environmental
impact of the iron aluminides compared to the white cast iron reference during production,

accounting for the lifetime as measured by the wear tests.
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For the functional unit of 1 dm3 wear protection produced for a certain lifetime, 1.4777
features ~ 350 kg CO2¢q/dm3, where the best-performing iron aluminide (Fe25AITiB) features
~300 kg CO2¢q/dms considering similar lifetimes and ~55 kg CO2¢q/dm3 when the ratio of the
wear rates at 700 °C are considered. Since significantly reduced environmental impacts in
the evaluated impact categories were shown in a similar order of magnitude, the feasibility of

iron aluminides as HT wear protection with decreased environmental impact was shown.

To dig deeper into the environmental impact of HT wear protection materials, especially the
comparison of Co-. Ni- and Fe-based alloys with iron aluminides Publication Il provides
significant additions on LCA data of cast wear protection solutions. In order to estimate the
environmental impact of the respective alloy, global average process data were employed.
The results of the performed LCA confirms the lower environmental impact of iron aluminides
compared to the other materials investigated. In general, can be pointed out by the results,
that iron-based alloys yield less emissions during production, with a range of 57-103 kg
CO,eq/dm3 (equivalent to 8.4-13.8 t CO,eq/t) compared to nickel-based alloys. The emissions
for nickel-based alloys are approximately 185-205 kg CO2eq/dm3 or 20-22 t CO2eq/t, While
cobalt-based alloys have emissions values of approximately 318-347 kg CO2eq/dms or 31.2-
39.5 t CO2¢q/t. The lowest emissions during production are caused by iron aluminide-based
alloys, at approximately 57 kg CO2eq/dm?3 or 8.4 t CO2¢q/t. This is up to 90% less than cobalt-
based alloys, up to 60% less than nickel-based alloys, and approximately 50% less than Cr-

rich iron-based alloys.

Furthermore, lifetime considerations were performed, based on actual wear data of the
respective alloys at both ambient and elevated temperatures, since the lifespan, so the
performance, of the wear protection materials has a significant effect on the environmental
impact - as a longer lifespan reduces the necessity for spare parts and the replacement of the
goods with their embedded carbon footprint. For example: the utilisation of an iron-aluminium
alloy in lieu of a cobalt-based wear protection has the potential to result in GHG emission
savings of approximately 50t COo¢q/year for an average hot sieve in a steel plant. The
replacement of 10 m3 of worn grate bars in a sintering plant with an iron aluminide material
instead of a white cast iron has been demonstrated to result in savings of over 500 t CO2¢q/a.
Furthermore, this measure has the potential to achieve over 50% emission savings in other

environmental impact categories.
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Publication Ill features the results of the development of novel FesAl-based iron aluminides
providing notable HT properties at a comparatively low overall ecological impact. To improve
the wear resistance of the FesAl matrix, different strengthening strategies are studied for
which FesAl-based laser claddings (30 at.% Al) are alloyed either with up to 5 at.% Si or C, or
up to 3 at.% Ti and 6 at.% B (combined in the ratio 1:2 Ti:B).

LMD pre-tests were performed to find optimal deposition parameters, low dilution and an
accurate chemical composition. Detailed microstructural investigations after LMD were
performed as well as nanoindentation, HT hardness and HT scratch tests to evaluate the
microstructure-property relevant for HT abrasion. Results show that Si-alloyed claddings are
single-phase and reduce the grain size from ~350 uym (1 at.% Si) to ~50 ym at 3 and 5 at.%
Si with equiaxed grains featuring a hardness of ~350 HV10. Contrary, the C-alloyed claddings’
microstructures are dendritic and ledeburite-like with perovskite-type carbides FezAlCo.s with
a RT hardness of 405 HV10. The Ti- and B-alloyed cladding exhibits finely dispersed TiBo-type
precipitations; at low contents in the sub-micron range and mainly present at the grain
boundaries, at higher additions precipitations are quite large (3-5 pym) and present within
individual grains leading to a hardness of 340 HV10. While the matrix of all precipitation
strengthened claddings ranges between 4 and 5 GPa, the Si-alloyed cladding exhibits a
pronounced increase to 5.7 + 0.8 GPa upon adding up to 5 at.% Si. Thus, an overall hardness
of ~350 HV10 is quantified on the expense of ductility (relaxation cracking after LMD). The
performed HT hardness and HT scratch tests, show good mechanical and scratch stability up
to 500-600 °C, where the best-performing materials were selected for HT abrasion tests.
These tests are featured in Publication IV, where the strengthened iron-aluminides (FesAl-
based) with the highest alloying of C, Si and Ti+B were chosen to investigate the influence of
strengthening mechanisms on the HT abrasion resistance. The performed wear tests reveal
decreasing wear rates with increasing test temperatures (from ~0.03-0.035 mm3/mat 20 °C
to ~0.01-0.02 mm3/m at 700 °C) for all alloyed FezAl-based claddings due to the formation
of abrasive-containing mechanically mixed layers (MMLs), with the variant with 5 at.% Si being
the best performer and second being the Ti and B-alloyed cladding. Contrary, the reference
cladding, cobalt-based Stellite 21 exhibits not only a higher wear rate at RT (~0.05 mm3/m)
but also increased ones upon increasing the test temperature (~0.06 mm3/m). Here, the low
hardness of the iron aluminides and the good ratio of H/E leads to an increased incorporation
of abrasive material (MML formation). Due to this self-protection effect and the promising
overall HT behaviour, further cladding variants with higher alloying, thus strengthening were

developed.
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To increase the hardness to levels of commonly used hardfacings, boron and/or carbon was
utilised to precipitation strengthen FeszAl-based claddings. In Publication V LMD FezAl-based
claddings, alloyed with B, C, were prepared at optimised conditions. Alloying with B resulted
in the formation of hard Fe2B and FeB precipitates (14.1 - 25.0 GPa and 9.7 - 11.4 GPa
respectively), leading to the highest macrohardness of 813+9 HV10 for the 20 at.% B alloyed
cladding. Alloying with C causes the formation of perovskite-type carbides FezAlCos(7.6 - 7.9
GPa) and graphite (for addition of 20 at.% C), with the 10 at.% C alloyed cladding showing a
macrohardness of 500+5 HV10. The combined 10 at.% B and 10 at.% C alloying results in a
slightly higher hardness of 530+34 HV10. Regardless of alloying, the FesAl matrix itself
provides a hardness of 4.4 - 5.2 GPa. In terms of wear resistance, RT abrasion tests in a dry
rubber/wheel setup were performed to pre-select claddings for HT tests within Publication VI.
At RT and low-stress conditions, Fe30AI20B cladding demonstrates the lowest wear rate
(0.0024 mm3/m) - outperforming other claddings like FeCrC or Stellite - but also Fe30AI10B
and Fe30AI10B10C claddings offer high wear resistance (0.0133 mm3/m and
0.0173 mm3/m, respectively). These results highlight the better performance of the
developed FesAl-based claddings in comparison to currently used wear protection solutions,
showing the possibility of more sustainable wear protection solutions without (high) amounts
of Co, Cr and Ni. The good wear resistance of selected claddings from Publication V at HT was
shown in Publication VI: Fe30AI20B exhibits stable wear rates of approximately 0.05 mm3/m
during HT high-stress abrasion tests at 20 °C, 500 °C, and 700 °C. In comparison, the wear
rates of Fe30AI10B10C increased slightly, from 0.045 mm3/m at 20 °C to about
0.065 mm3/m at 700 °C. Post-test analysis revealed that alloying with 20 at.% B is more
effective due to the formation of larger, primary FesB-type borides alongside smaller ones
compared to the combined formation of perovskite-type FesAlCos carbides, smaller Fe2B
borides, and graphite nodules observed in Fe30AI10B10C. Despite these differences, both
claddings demonstrate comparable or lower wear rates than traditional hardfacing materials

based on FeCrC or NiCrC.

Reinforcement with sustainable hardphases was done in Publication VII, where hardmetal
scrap (HMS) particles with average particle sizes of 300 and 500 um and Co contents of 4-
8 wt.%. are used to reinforce a FesAl matrix with contents of 30 vol.% and 50 vol.% HMS. Here,
a significant increase in hardness, from approximately 270 HV10 (FesAl-base) to
757+12 HV10 with the addition of 50 vol.% HMS can be achieved due to the presence of
WC/W2C phases, which exhibit hardness levels of 31.3-38.1 GPa and 19.2-24.9 GPa,

respectively.
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Also, Co is dissolved into the matrix, concomitant with an increased hardness of the FesAl-
based matrix, achieving 6.8-7.6 GPa due to solid solution strengthening. Claddings with
50 vol.% HMS maintain a hot hardness of 509+62 HV10 at 600 °C and demonstrate an
abrasive  wear resistance of 0.0391+0.0004 mm3/mm at 20°C and
0.0466+0.0003 mm3/m at 700 °C during high-stress and 0.007+0.001 mm3/m at 20 °C
during low-stress abrasion tests. Thereby, outperforming FeCrC-based as well as reinforced

Ni- and Co-based hardfacings across the temperatures and abrasion modes tested.

Based on these positive abrasion test results, a further increase of the hardphase content
was done, where 70 vol.% HMS and TiC-NiMo were used to reinforce the FesAl matrix as
presented in Publication VIII. Since the used TiC or recycled HMS are hardphases with low
environmental impact, the overall sustainability is increased. With these reinforced claddings
high RT hardness levels of 1008+52 HV10 (70 vol.% HMS) and 1087+43 HV10 (70 vol.% TiC-
NiMo) with a nearly linear hardness decrease to ~600 HV10 at 700 °C and thus a good
mechanical stability was achieved. For the respective phases, RT nanoindentation points out
high hardness levels of the hardphases: for the HMS-reinforced cladding ~36 GPa for WC,
~32 GPa for precipitations W2C and ~7.8 GPa for the FesAl matrix and for the TiC-NiMo
reinforced cladding, TiC (~25 GPa primary, ~19 GPa precipitations) as well as ~7.6 GPa for
the FesAl matrix. This leads to a good wear performance at low-stress abrasion at 20 °C with
wear rates of 0.0018 mm3/m (HMS reinforced) and 0.0047 mm3/m (TiC-NiMo). At high-stress
abrasion conditions they range from ~0.04-0.05 mm3/m at 20 °C, whereas at 700 °C the
HMS reinforced FesAl-based cladding features ~0.055 mm3/m and the TiC-NiMo reinforced

one ~0.068 mm3/m, also outperforming classical wear protection solutions at HT.

To show the environmental impact of selected developed iron aluminide-based cladding
solutions compared to conventional ones, Publication IX features a thorough LCA utilising data
from actual suppliers, since environmental impact data for metal powder production (gas
atomisation), LMD and the resulting cladding solutions is limited. Therefore, FeCr-based, Ni-
and Co-based alloys, and strengthened/ reinforced iron aluminides (Fe30AI20B and
Fe30AI+70 vol.% HMS), were analysed via LCA using global averaged market data from the
ecoinvent 3.10 database as well as from existing literature. The assessment of gas
atomisation and LMD considered the energy consumption of direct and indirect machinery
and process gases (nitrogen and argon) during powder production and laser cladding as

derived from actual process data.
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Results for the greenhouse gas emissions of raw materials reveal significant disparities in
their environmental impact, similar to Publication | and Il. Co- and Ni-based alloys exhibit the
highest global warming potential GWP100 (~37.6 kg CO2eq/kg and ~18.0 kg CO2eq/KE,
respectively), while iron-based alloys, particularly iron aluminides, have much lower values
(~3.7-13.3 kg CO2q/kg); here the spread mainly stems from the use of Cr and added
tungsten carbide. Gas atomisation adds ~2.0 kg CO2eq/kg and LMD, so laser cladding itself,
yields ~4.6 kg CO2eq/kg GWP100 to raw materials and substrates. Since the developed laser
claddings were deposited on 5 mm steel substrates, with an average coating thickness of
1.6 mm, this case was considered. FeCrC coatings cause ~5.5 kg COo2eq/kg, NiCrBSi
~8.0 kg CO2¢q/kg, CoCrC ~13.3 kg CO2eq/kg and iron aluminides ~4.4-7.1 kg CO2eq/kg
depending on additives. Here, Fe30AI20B causes 4.7 8 kg CO2eq/kg and Fe30AI+70 vol% HMS
4.44 kg CO2¢q/kg, respectively. Overall, raw materials significantly influence GWP100, but
processing impacts, particularly gas atomisation and laser deposition, are also substantial.
This study outlines the environmental benefits of the developed laser claddings Fe30AI120B

and Fe30AI+70vol.% HMS over currently used FeCrC-, NiCr- or CoCr-based laser claddings.

Summary of the scientific contribution and claddings developed: To summarise the
microstructure-property relationships of the claddings, this section shall provide a short
graphical and textual summary of the data as well as a comparison to wear rates of currently

used wear protection solutions.

To increase the hardness and thus the abrasion resistance following alloying or reinforcement
was added to iron aluminide FezAl. A graphical summary of selected microstructures is

presented in Figure 15:

e Silicon (1-5 at.%): solid solution strengthening

e Titaniumand boron (1-3 at.% Tiand 3-6 at.% B; Ti:B=1:2): precipitation strengthening
via TiBo of different sizes

e Carbon (1-20 at.%): precipitation strengthening via perovskite-type carbides FezAlC«1;
graphite formation at 20 at.% C

e Boron (1-20 at.%): precipitation of borides FeB/Fe2B in different (primary/secondary
precipitations)

e Boron and carbon (1-20 at.%; C:B=1:1): precipitation strengthening via perovskite-
type carbides Fe3AlC<1 alongside borides Fe2B with an indication of slight intermixing
of B and C into the respective other hardphase (carboboride formation); at 20 at.%

B+C graphite is formed.
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e Recycled hardmetal scrap (30-70 vol.% HMS): reinforcement with WC via HMS and
WC/W-C precipitations, solid solution hardening of the matrix via Co from scrap.
e TiC-NiMo cermet particles (70 vol.%): reinforcement with primary TiC particles and TiC

precipitations; solid solution hardening of the matrix via Ni and Mo.

The variant with the recycled HMS is the contribution of the developed claddings to enhanced

recycling. Also, when claddings are worn, refurbishing with laser cladding can easily be done.

Fe30Al

Fe30Al20C

Figure 14: Selected micrographs of the developed claddings (phase maps acquired via electron backscatter
diffraction; grey scale images via scanning electron microscopy - BSE imaging), Micrographs selected from
[Publication IIl, V & VIII].

As a result of the respective microstructures and the present phases, achieved maximal
hardness levels of each alloying variant at 20 °C were ~370 HV10 at 5 at.% Si, 360 HV10 at
3 at.% Ti and 6 at.% B, ~500 HV10 at 10 at.% C, ~815 HV10 at 20 at.% B, ~500 HV10 at
20 at.% B+C and ~1100 HV10 with reinforcements of TiC-NiMo cermets and recycled HMS,
where a stable hardness >700 HV10 up to 700 °C was quantified, Figure 15.
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Stable hardness levels were achieved up to 600 °C were ~60-70% of the hardness at 20 °C
remained, cf. Figure 15a. Wear rates strongly depend on the present phases and their
respective hardness - at RT and low-stress abrasion (Figure 15b), higher hardphase content
as present in the B-alloyed claddings and the reinforced variants show the lowest wear rates
of ~0.004 (20 at.% B), 0.002 mm3/m (70 vol.% HMS) and ~0.005 mm3/m (70 vol.% TiC-NiMo
cermets). Here, currently used wear protection ranges from 0.010-0.022 mm3/m for wear
resistant steels, and some FeCrC-based claddings ranging from 0.004-0.008 mm3/m, so the
performance of the developed claddings is significantly better than those from currently used

wear protection solutions.
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Figure 15: Properties of selected developed claddings and comparison to other wear protection materials: a)
hot hardness; combined data from [Publication Ill, VI & VIII], b) Wear rates in low-stress abrasion tests at 20 °C
acc. ASTM G65 combined data from [Publication V & VIII, ¢) Wear rates in high-stress and HT abrasion tests
(dry sand / steel wheel); combined data from [Publication IV, VI, VIII].
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At higher temperatures and high-stress abrasion conditions, the wear resistance can be
achieved in two ways, Figure 15c. Si- and Ti+B-alloyed cladding variants have comparatively
low hardness, but abrasives are easily incorporated into the surface (MML formation) and
self-protects the surface against wear, leading to decreasing wear with increasing

temperature, ranging from ~0.01 to 0.03 mm3/m.

Higher hardphase containing cladding variants such as the claddings with 20 at.% B or
20 at.% B+C feature wear rates between 0.05 and 0.06 mm3/m; reinforced claddings with
70 vol.% HMS feature ~0.04-0.05 mm3/m and ~0.05-0.07 mm3/m for TiC. Here, typically
used claddings on FeCrC-base are in the range of 0.04-0.08 mm3/m, Co- and Ni-base
claddings from, 0.05-0.08 mm3/m, thus the developed claddings show superior performance
at elevated temperatures and high-stress conditions which leads to increased lifetimes of

wear protection solutions with strengthened or reinforced iron aluminide claddings.

Further, the environmental impact of two of the best-performing iron aluminide cladding
solutions were assessed via LCA considering raw materials, substrate material, gas
atomisation and laser cladding itself. Here, significant differences caused, by substrate

materials, alloying concepts and reinforcement can be seen, Figure 16.
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Figure 16: Global warming potential GWP100 of 1.6 mm claddings on a 5 mm steel substrate as assessed via
LCA including raw materials, substrate material, gas atomisation and laser cladding [Publication IX].

FeCrC coatings cause ~5.5 kg CO2eq/ kg, NiCrBSi ~8.0 kg CO2¢q/kg, COCrC ~13.3 kg CO2eq/Kg,
and iron aluminides ~4.4-7.1 kg CO2¢q/kg depending on additives/reinforcement. Here,
Fe30AI20B causes 4.78 kg COzeq/kg and Fe30AI+70 vol% HMS 4.44 kg COo2eq/Kg,
respectively. The significantly lower environmental impact of developed iron aluminide-based

claddings compared to currently used Co-, Ni- or FeCr-bases solutions is therefore confirmed.
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1, Introduction

ABSTRACT

tron aluminides are promising candidates for high-tempermture corrosion-: and wear resistant macerials. Their
intermetnllic nature provides good mechanical stability a1 comparatively low density In contrast to commonly
used iron- and nickel-based wedr resistant allovs such ss whive cast frons ar Ineonel sllove. The objective of this
study is to measure the influence of different alley compositions on the high-temperature abrasion resistance of
fren aluminides. Alloys of 25-30 wi% Al, T1, B and 5§ were chameterized and compared o & high-temperature
resistant white cast inon,

Microstrwctural analysis via scanning electron microscopy as well as electron backseatter diffraction were
performed oo elucidate the materinls” microstructures and the different phases present. Hot hardness up oo 700 °C
and nancindemation were determingd 1o quantify differences in mechanical properties between composithons
Wear resistance was quantified with high-lempersiure sbrasion lests performed in a modified ASTM GE5 e gl
20, 500 and 700 "C, with standard quariz sand as abmsive and 8 high-tempernture resistant steel wheel as
counterhady, Wear results polnt out & significantly better behaviour of the ron sluminides o 500 “C and 700 °C
ata gquarter of the wear rates of the white st fron, which cion be attribated w beneficial mechanical properties
enubling the formation of protective mechanically mixed layer under incorporation of abrasives.

Finally, a life cycle assessment (LCA) was performed to assess the environmental impact of the iron alunsinides
compared 0 the seel reference during production, accounting for the Ufetime as Indicaied by the wear rates
obtained. Resulis show significantly reduced environmental impacts in the evaluated impact categaries, making
irom aluminides promising candidates for future high-temperature wear componends,

terme of sustatnable materials are dron aluminides [5). Thelr low density
compared to steels, the high strength-to-weight ratio, and the compar-

The sustainability of wear protection solutions is an increasingly
important tople barling the environmental Impact of industrial wear
spplications [1]. Therefore, materials with lower environmental impact
and resource depletion are of great industrial and scientific interest [ 1],
Together with the increase of material efficiency through wear protec-
tion [1] and the decrease of friction lesses [3], a decrease of the overall
greenhouse gas (GHG) emissions can be achieved.

A current ndustrial demand is the replacement of cobalt- and nickel-
based materials as well as hard chromivm coatings, where iron-based
coatings and other materinl concepts may help to decrease the envi-
ronmental impact af comparable wear resistance [1]. Among ssch ma-
terial solutions are several promising candidates due to their non-toxic
nature a5 well as thelr sustainability. One promising material class in

* Cormesponding author.
E-mmll ardresss harakl. rojeresec e (H Redacz)

bubtge: s Adolorg TOL OGS ) wenr, B 204754

atively low cost of production are only three among many advantages,
making them a possible replacement for stainless steels In varlous In-
dustrial spplications [60]. They are o good alternative as binder for
cemented carbides 1o replace Co outlining & proper wear performance
[7], show good high-remperature, oxidation, and corrosion-resistance
[55,8]. Also, strengthening by adding Ti and B can be achieved [9]
which was applied for iron aluminide materials within this study among
mimor alloying of Cr and 51,

This study focuses on high-temperabore wear resistant materials, as
there is a high demand for novel solutions in industry. Classical wear
solutions are white cast irons, ax they can be produced relatively cheap -
the environmental impact is mostly ignored by plant operators, For
higher demands regarding wear resistance hardfacings are applied, bt

Recelved 19 Seprember 2022 Recelved In revised form @ December 2022, Accepted 3 Jansary 2023

Availalle online 15 March 2023
(:43-16480 2023 Elsevier BV, All rights reserved,
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Talble 1

Muterinls nominnl chemical composition.
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FelS Al TR tal.  ; L. | &) a3 A1
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due fo their high prices in production and application, those can be
applied only in small areas of highest wear attack [10]. A previous stwdy
[11] comparing these solutions polnted out that also white cast lrons can
achieve satisfactory wear resistance in high-temperature abrasion at
high-stress conditions, This is partly due to the ability to form me-
chanleally mixed layers (MML) with the abrasive, which was observed
for several wesr protective materials especially at enhanced tempera-
tures [12-14]. This in-situ wear protection led to similar wear resistance
as hardphase-rich complex alloyed hardfacings in abrasive condlilon
[11]. Hence, & white cast ivon was chosen as reference in this work,

To assess the environmental impact of products or processes during
different stages or the whobe life eyele (“from cradle 1o grave™} the
method of life cycle assessment (LCA) is used [e.g Ref. [15]]. The LCA
method is formally defined by international standards according [16],
and it estimates the enviconmental impact hased on available data in 4
phases: i) goal and scope definition, ii) inveniory onalysis, i) impact
assessment, v} interpretatlon. The scope inclodes the defindtion of a
functional unit (fU) that quantifies the main function of a product or
process. The fU allows a8 meaningful comparison between different
products or processes with equal functionality, by providing a commaon
denominator for their environmental impaicts [15,16], LCA has seen a
few applicadons in the field of tribology and wear, In an earier brief
review [17], Rosonovsky and Bhushan polnted to the usefulness of LCA
already in the design phase of tribo-clements. In o more recent and
comprehensive review on the topic [18], the factors of lubrication, en-
ergy conservation, environmental conservation and recycling of
tribo-elements were identified as elements of a life-cycle ribology
pyramid, with energy conservation at the apex. Wear-resistance in
particular is named a5 a key influence on the LCA of a ribo-system.

This paper nims to demonstrate the potential of a combined approach
of wear testing and LCA with the objective of assessing and reducing
environmental impaces by choosing a suitable material in a high-
temperature abrasive environment, The impact of wear resistance and
material choice s investigated, providing material selection guidelines
anil a decision-making tool o increase sustinability of wear-dominated
applications.

2. Experimental

21, Materials imvestigared

Six iron aluminides were investigated, with varying content of
alwminium (25-30 wite), chromlium (0 and 2 wi¥h] as well ag silbcon (0
and 1 wi%) and additions of 0.6 we% titanium and 0.3 wi% boron in
different alloying variants. Materials were all cast into bars at optimised
condltions In order o prevent any major defects or the influence of
faulty processing. As a reference, a commaonly used high-temperature
reslstant chromium-rich casting steel 1.4777 with 30 wi chromium
and 1.2 wi carbon was chosen. Nominal chemical compositions re
summarised in Table L.

Harald Rojacz

Tabie 2
HT-CAT Lt praimeler,
Lamidd 45 M
Relntive velocity 1 mw
Abrasive Stamdard ASTH (65 Ottarwa silica sand
Abrasive flow 180 g/myin
Courierbody Harlom #H} wheel (6252 mm « 12 mm)
Distance {HHE m
Tempersiure 2, SIHY & TIHE T

2.2 High-temperaiure continuows ahresion test

Similar to the ASTM G605 wear test, the High-Temperature Contin-
uoug Abrasion Test (HT-CAT) ik based on a turning steel wheel pressed
against o heated specimen with 2 defined losd and sbrasive particles
introduced in between. To maintain & constant test temperature, the
abrasive is heated prior o being fed into the abrasion zone, avolding the
{ocal cooling of the contact zone during the test. A detailed description
of the test rig can be found in earlier publications by the authors [12,19,
0], The used parameters are summanised in Tohie 2,

These parameters were chosen according to earlier HT-CAT test cy-
cles for optimal comparison, ensuring significant wear tracks and easily
memssurable wear loss, Temperature was controlled via induction heating
and a thermocouple below the test surface. Each test was performed in
triplicate. Samples were cleaned before and after the tests in an ulira-
sonic bath with ethanol and weighed o determine the mass loss, which
was then converted into a volumetric wear boss for better comparison of
the materials given thedr different denaities.

2.3 Before-test and after-test analyses

Metallographic cross-sections of all materials were prepared in order
1 analyse the materials’ phases via scanning electron microscopy
(SEM), electron backscatter diffraction (EBSD) and nanoindentation
(MI). Therefore, specimens were cut with a lab-scale cutting machine,
embedded in a conductive and edge retalning compound and subse.
quently ground, polished with diamond pelish up to 1 pm, and finishing
with a 0.2 pm alumina dispersion. A detailed deseription of the metal-
Ingraphic routize was presented in Ref, [21],

Macro hardness was measured with a hot hardness tester[22],
ramping up o 800 “C In steps of 100 "C with a 98.1 N load (HV10).
Seven indents were apalysed at esch temperature for statistical
evialuation.

To quantify the phase hardness as well as the Young's modulus, NI
was performed on metallographic cross-sections with o Bruker Hysitron
TriboIndenter T1 950 (Perfor®ech 1T - Bruker Hysitron, USA)L The peak
load was set 1o 2000 N, Loading and unlaadling was peclommed for 5 &
hulding time was 2 5 at prak load, The hardness was calculated wsing
indentation depth and the indented tip area at peak load. The reduced
Young's modulus E, was calcubated via the tangential slope of the
unloading curve according to the Oliver-Pharr method [23]. At least 50
valid indents for each specimen and phase were used o analyse both,
hardness and Young's modulus, To show the plasticity and abrasion
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Table 3

LCA material inputs and casting for 14777 and Fe2SAITID [5].
flow LAT? Pe2BAITIR

Tigiit s [ kgl inpaul wass (ki)

alaminium, serap = [{icx |
fowies hocemivem (GETRC) 0441 =
Formoniched (25% M) A
ferromumgnnese [74.5%) 4o17
ferreeilicnn (258} 048
steel, unalloyed ir413 1740
tiigniism, primary - LT
cailing, sbeel, list wi 1.250 1.2540

resistance of the matrix phases the ratio H/E as well as the resistance
against plastic indentation H'/E° was caleulated from the 50 valoes
obtixined and correlated with the respective wear results [24,25].

For SEM a Jeol JIB-4700F crossbeam SEM (Jeol Lad., JP) equipped
with a Briker &-Flash 630 energy dispersive Xeriy spectroscope (EDS) a
was utilised. SEM imaging and EDS analyses were performed at 15 kY
aceeleration voltage at optimised beam setiings and working distance.
The previously prepared metallographic cross-sections were analysed in
greates detail regarding chemical compesition and precipitations. For a
more detailed analysis of the present phases, EBSD measurements were
performed via an implemented e-Flash HR EBSD detector (Bruker Corp.,
USA) at 15 kV acceleration voltage and 9 pA beam corrent. Optimised
beam settings were used ai a working distance of 16 mm, and at a de-
tector distance of 18 mm. For the iron aluminide samples an image size
of 2.5 » 2 mm and 8 measurement step size of 5 pm was chosen. The
reference white cast iron was analysed at an image size of 230 « 200 pm
with a step size of 0.5 pm, due to finer microstructural features. Pattern
ity images overlaid by the phase maps of present phases are pre-
senfed as results to gain deeper understanding of microstructural
features,

Afier the HT abrasion tests, the wear scars were analysed vin SEM
and EDS. EDS data of the silicon content in the surface was analysed
identifying the formation of an MML [12,20]. Metallographic
cross-sections of the wear scars were prepared of selected samples to
elucidate differences in the wear mechanisms for different alloying. SEM
Iimaging was performed with the above-mentioned parametess,

The data on materinls’ microstructure, the respective hardness, the
H/E and H/E® ratios were correlated with the material wear rates as
weldl s the mechanically mixed layer formation,

Wear 5239 (N2T) 2475
3. Life cycle assessment (LA}

In thiz study, the environmental impact of the reference white cast
iron 14777 was compared with the most promising of the iron alumi-
nides, FeZSAITIB, 1o show the differences In selected epvironmental
impact categories, The fU for this study was set to 0.001 m® produced
material over a lifetime of x years, In a first step, both materials were
assumed to have the same expected lifetime {same wear rate) of x years.
In & second step, the environmental impacts of Fe25AITiB were calcu-
lated accosmting for the increased weir resistance of FeZ5AITIB at the
two temperatures 20 “C and 700 “C (translating into an extended life-
thme of ¥ vears and 2 years, respectively). The LCA was performed
largely following 150 140402006 [11] using the openlCA 1.10.3 soft-
ware (GreenDelta GmbH, GER). Materials data and processes were
selected from the ecoinvent 3.8 database {ccoinvent Assocation, CH)
Maore details on the method wsed can be found in Ref. [5]. Here, the
differences in the lifetime of both materials was considered according
thie wear rates &t 20 °C and 700 “C leading to 1 vear for reference 1.4777
material and 1.5 years (20 °C wear) or 4 years (700 °C wear) for the
more resistant Fe25AITIB material). The LCA input data for both ma-
tertals evaluated is summarised in Table 3, and the fAow diagram as
adapted from Ref. [5] is presented in Fig. 1.

As delivery processes for the input materials available global average
market data were selected. All materials were calculated with different
ferro-based master alloys which are typically wsed in the casting of
steels. A mass of 1 kg final product from 1,25 kg of casting mass was
chosen a8 reference Now for both materlals, assaming 0.25 kg per kg
final custing as sprue and riser in & closed loop recycling process. The
model for the reference white cast iron 14777 was assembled from
market processes delivering unalloved steel, ferrochromiom, ferro-
nickel, ferrosilicon and ferromanganese, The Fe2SAITIE model was
assembled from processes delivering unalloyed steel, scrap aluminium
and primary titanium. Boren was neglected due to its low mass contri-
bution, as well as a lack of available data.

To evaluate the two environmental impact categories global warm-
ing porential (GWPTIN - kg €O TU ) andd fossil depletbon (kg ol IUY,
the ReCiPe midpoint V1.13 impact estimation method [27] was used. In
addition, the cumulate energy demand [MIAU] was characterized with
[28].

The influence of the different wear sates a1 200°C and 700 C were
vonsidered and comipared (o the respective wear rate of 1.4777, The
actual environmental Impact of both materigls was evaluated by
considering the expected lifetime as indicated by the wear rates ob-
taimned by the HT-CAT results.

e e e B ]

Fig. 1. LCA Aow diagram for the reference white cast iron 14777 (top) and FeZSAITIE (battom ), Dashed lines mark the system boundaries, Adapted from Ref, [5].
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Fig. 3, Summary of nanoindentation resulie o) motrix hardness 38, b reduced Young's modulus B, ¢} resistance agoinst plastle indenutbon HE, d) vield struin H/E
ferrar bara - Sid, Dev., n - 50),

4. Results and discussion on materials and wear
4.1. Microstrucizre and mechanical properties

The materials’ microstructures are presented in Flg 2. Fe2SAl re-
veals a coarse microstructure with FaAl grains (=1 mm). Additions of Ti
and B redfuce the grain size by precipitating TiB phases at the grain
boundaeles (Fe2SAITIB). Here, a dendeite diameter of ~100 jun s
observed, By adding Si to the alloying system, the precipitation of TiB
phases is obspructed, which leads to a coarser and more columnar
appearance of the Feal phase in Fe25AITiSIB as well ax in Fe25AICTi-
SiB. The presence of Cr also leads (o a formation of small amounts of the
intermetallic FesAl phase, Grain sizes range from — 300 pm 1o 700 .
The amount of 30 wi% Al enables the precipitation of TIB in the presence
of Si {Fe30AITISIB), with a dendrite diameter of —100-150 pm, Or ad-
ditions (Fe30AICITISIB) lead to & coarse and more columnar structure
with grain sizes exceeding 500 jm.

Harald Rojacz
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NI results are presented in Fiz. 3. Hardness, reduced Young's
mvochalias, s well as the ratios H/E (representing the resistance against
plastic indentation) and H/E (vield strain} [24] are plotted for the
respective material’s matrix phase. The ferritic matrix of 14777 shows
the lowest hardness of 4.7 + 0.3 GPa due to its ductile nature. The pure
intermetallic FeAl-phase as present in Fe2SAl shows 5.9 + 0.3 GPa
hardness. Additions of Ti and B decrease the matrix hardness o 5.6 +
0.1 GPa (Fe25AITIR). Adding S increases hardiess to 6.0 = 0.4 GPa.
Cradditions increase the bardness to 6,3 4 0.2 GPa (Fe23SAICrTiSiB)L
Hardness values were 6.1 + 0.1 GPa for Fe30AITISIE and 6.8 + 0.1 GPa
for Fed0AICTTiSIR. In yeneral, the matrix hardness within the test alloys
can be incressed by additions of 51, with the highest matrix hardmess
values achieved by adding Si and Cr at 30 wi% Al

Reduced Young's moduli values as obtained by NI range from
170 10 205 GPa, The ferritic matrix in the white cast irom 1.4777 has an
E of 170 = & GPa. The iron aluminides show increased values. Fe25A1
without additlons of further alloying |5 measured ai 196 4 8 GPa. In the
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Fig. 4, Hot hardness of the investigated matenals as o function of temperature
ferror bars = Std. Dev, n = 7

presence of Ti and B, § decreases to —174 and 177 GPa (FeZ5AITIR and
Fe2SAITiSiB). Additions of Cr as well s incressed Al contents lead o
higher Young's moduli (e.g. 202 + 5 GPa at Fe30AICCTISIE).

The derived ratios H/E and H*/E* were calculated from the messured
mechanical parameters, The ratlo of H/E reflects the yleld strain [29]
and this the transition from efastic o plastic deformation [24], #77E
indicates the resistance against plastic indentation. Both parameters can
b e to describe the abrasion resistance of phases agiinit a certain
abrasive [24,26,29]. A closer book at the yield strain H/E reveals that the
ferrile matrix of 1. 4777 shows a lower yield strain of around D028,
whereby the yield strains of the iron aluminides (FeAl phase) tend to be
in the range of 0.03-0.035. Here, no clear effect of alloying can be
pointed out; the presence of Si as well as Cr tends o increase the yield
straln. The resistance against plastic indentation H*/F  shows
similar behaviour. The ferritic matrlx of 1.4777 shows lower values
{0.0038 GPa} compared to the FeAl phase present in the iron aluminides,
Fe25A1 pnd Fe25AITIR show comparable ratios of -0.0055 GPa,
whereas Si and Cr alloved iron atuminides reveal higher resistance
against indentation from 0.0064 [(Fe25AICrTISIB) o 0.0078 GPa
(Fel30AICTiSIR).

Hat hardness at temperatures from ambient to 800 “C are plotted in
Flg. 4. The white cast lron 14777, tends to have the highest hardness
due to the precipitated chromium carbides, A hardness of —520 HV10 at
ambient temperature decreases to around 175 HV10 at 800 C.

0.05 5
0.045

Wear 523 (20LT) AT

Loweer hardness values were observed for the iron aluminides, due o
the lack of coarse hardphases. Depending on the alloving, iron alumi-
nide materials range from ~ 250 to 360 HV10 at reom temperature. Due
to the intermetallic phases present in the materal, the materials show
comparatively ‘stable hardness op to 500 "C [(-200-300 HV10)L
Exceeding this wemperature, the hardness of all iron aluminides
decreases W aronmd 100-150 HV10 &t 800 “C. For the iron aluminides,
30 with of aluminium feads to higher hardness fevels compared 1o
25 with, whereas the alloving with 8 can ncresse the hardmess
=~ LOOHVI0 at 25 with Al content,

4.2, Wear resuits & wear mechenizng

Abrasive wear as a funiction of temperatire a3 obtained by the HT-CAT
can be found in Fig. 5. The reference white cast iron 1.4777 suffers high
wear of 0,030 and 0033 mm/m ar 20 and 500 C, despite high macro
hardness at these temperatures, At 700 °C a sigmificant increase of the wear
rate (L0432 + 0,002 mm” /m) is measured. In contrast, the iren aluminides
Fe2aAl and Fe2SAITIR exhibit comparatively low wear rtes at all tested
temperatures, e.g., ~0.02 mm®/m at 20 °C. Compared to Fe25Al, the
addiibon of Ti and B leads 1o lower wear rates at elevated temperaiures
(0.013 = 0,003 mm”/m at 500 “C and 0.0075 = 0,001 mm"/m at 700 “C
for Fe2SAITIR). The Siand Cr alloyed [ron aluminides exhibit higher wear
Tates, Here wear ranges from — 0,036 to 0,033 mm™/m at 20 °C, and from
0.012 to 0.016 mm/m at 700 “C. Overall, the white cast iron shows
imcreasing wear with tempersture rise, while all of the iron aluminides
exhibit significantly reduced wear rates at the highest imvestigated tem-
perature of 700, but not consistently at amblent temperature.

Generally the wear behaviour of the white cast iron differs signifi-
cantly from that of the fron aluminides. The iron aluminides show a
correlation between hardness and wear, where lower hardness at higher
temperature leads to lower wear. The higher the ratios H/E as well as
HEY, the higher are the wear rates at room temperature, which does
not agree with litersture results [24,25]. A discussion of the influence of
all quantified mechanical properties on wear and wear mechanisms s
presented below, sddressing thete snexpected effects.

To understand ongoing wear processes in greater detail, SEM in-
vestigations were performed en the surface and on metallographic cross-
sections (Fig. &), As seen in the figure, significant differences in the MML
formation oocur. Fe25A1 shows a low tendency 1o incorporate abrasive
at all tested temperatures, which is reflected in a limited formation of
MML (top of cross-sectlons in Fig. 6] as well as in a comparatively low
coverage of the surface with abrastve particles, represenied by the dark

u20°C a 500°C u 700

0,04

0.035

063 -

0.025 -
0.02 -

‘Wear rate [mmim)

£ F qﬁ@*’ qéﬁiﬁ@ ﬁﬁb

Fig. 5. Wear rales ve lemperature of investigated materials (ermor bars = 5td. Dev., n = 30
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Fig. 6, Wear of selected mivierials at various temperafures: scanning electron micrographs of cross-sections (larger images) ond of surfeces (inserts)

spoits in the surface SEM micrographs. The tough behaviour of Fe2541 as
indicated by a higher matrix hardness as well as a higher Young's
modulus results in & lower yield strain H/E and a lower resistance
agatnst plastic indentation HY/EY, Nevertheless, due to the high hard-
ness, the incorporation of abrasive particles is impeded to a certain
extent and low material deformation s observed, leading 1o & good
overall wear behaviour,

Fe25AITIB exhibits similar wear behaviour at temperatures below
500 °C, be low plastic deformation and MML formation occurs.
At 700 C the lowered hardness leads to increased incorporntion of
abrasive particles and the fermation of a self-protective MML, which
reduces wiear Iosses to a minimum, This beneficial effect is caused by a
low hardness at 700 “C in combination with a lower expected resistance
against plastic indentation HE enabling the formation of a sufficiently
prodective MML

Alloying iron aluminides with Si increases the hardness and

Harald Rojacz

decreases the ductllity. Here, as seen with the Fe2S5AITISIE alloy, the
incorporation of abrasive particles leads 1o increased surface deforma-
tion with material overlaps developing already at 20 ' C and the resulting
abragion of those deformed areas within the overfaps, This is the main
conse for increased wear loss despite higher hardness suggesting higher
wear resistance. Due to this higher hardmess and the resulting higher
resistance against plastic indentation, the beneficial effect of the MML
formation ks obstructed, leading to higher abrasive attack at all tem-
peratures tested.

The white cast iron 1. 4777 shows incorporation of abrasive particles
in the matrix regions but lacks MML in the carbide rich areas. This re-
sults in unstable wear behaviour and only localised incorporotion of
abrazive particles, which in combination with carbide rich areas facili-
tates removal of the matrix and of the carbides and thus results in
increased abrasive attack. This effect is substantially more pronounced
at increased tempersture, where the mechanical backup of the matrix by
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the carbides is weaker and the cohesion strength of the ferritic matrix is
exceeded, loading 1o easier material removal most likely caused by a
combination of reduced mechanical sirength and an inner-notch effect
by the carbides present in the material [20].

4.3. Discussion on the inflience of materials properties or wear

Fig. 7 presents relationships between the studied materials me-
chanical properties and thelr wear rate. Fig. 7a shows that the wear rate
of the reference white cast 14777 alloy decreases with increasing
hardness {and thus increases with temperature). Here, the unstable wear
behaviour and increasing wear rate al higher temperatures can be
ascribed o the lack of mechanical support for the wear-resistant car-
bides at higher temperatures [10], although the carbides present a high
wear resistance  against single abrasive antack simulated  via
nancescratching in Ref, [19). Under abrasive anack by larger pamicles
even chipping of larger aréas including several carbide regions was
found, increasing with matrix plasticity at elevated temperatures as
pointed out in 8 fundamental analysis of abrasion within a
high-temperatare seratch test [31].

Ad presented in the figure, the respective hardness has a strong in-
fluence on the wear rate. Here, lower hardness (at higher temperatures)
leads 1o higher incorporation of abrasives and the formation of MAML.

Harald Rojacz

Thus, a self-protective layer is formed easier at lower hardness levels,
which is enabled by an easler Indentation of the abrasive (the definftion
of hardness itself) [24], The self-protective natuwre of MML is often dis-
cussed [m Mlterature [11-33). For iron aluminides, the protecrivity of
these formed layer stromgly relies on microstructural features, The
absence of coarse hardphases In the matrix contrary to the white cast
iron is beneficial for a homogenows MML formation, which is important,
since hardphases locally obstruct the formation of these lavers, leading
o increased wear rates as polnted out peiorly in this study as well as
existing literature on MML [11].

The ratios of H/E (vield strain) as well as the resistance against
plastic indentation (H7E%) show an influence as well. Here, 71z 7h
shows, that lowered ratios H/E as well as H*/E? enable the better for-
mation of MML at room temperature, which then leads to lower wear by
this self-protection effect. No clear mathematical tendency can be
identifed, but the trend as marked light green for the iron aluminides as
well as red for the white cast iron can be pointed out. Here, the expected
positive effect of the lower yield strain and resistance against plastic
indentation of the ferritic marrix is obstructed by the presence of coarse
chromium carbides fef. [11]].

In general, it can be seen, that alloyving with Ti and B without 51 and
Cr shows less hardness, but overall better wear resistance of the mate-
rial. The best-performing material Fe25AITIB shows low wear eates at all
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Fig. 8. LCA results for the reference material 14777 and the FelSAITIR
altermative, assuming identical fifetimes (U™} for bodh, and for Fe2SAITIB at
vwir increased lifetimes corresponding o 3 G and 700 0 wear mesults: ad
global warming potentind GWP 100, b) cumulative energy demand CED, ¢) fossil
depletion FD,

temperatures  investigated  despite  low  hardness.  Here, the  self-
profection via MML formation decreases the wear rates sufficiently,

5. Life cycle assessment results (selected environmental

imparcts)

Three selected impact categories, |} global warming potential Gwe
100, i) cumulative energy demand CED, and iii) foss] depletion FD,
were evaluated via an LCA as previously described, The functional unit
U wirs 0,001 m™ material produced, without considering the end-of.fifie
phase. Four different variants were evaluated, namely 1) the reference
white cast alloy 14777 and 2) Fe2SAITIB at the sime expected lifetime
(same wear raic} of x years, For the two remaining variants, the
Increased wear reslstance of Fe25AITIE was aceounted for by assuming
lifetime of 3) 1.5 years and 4] 4 wears, cormmesponding to two

Harald Rojacz
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temperatures of 20 °C and 700 "C, respectively.

The results are summarised in Fig. £ Fed5SAITIR shows less envi-
ronmental impact in all impact categories assessed. When equal life-
tirmes are assumed, the GWPT00 i reduced from 345 kg COge /U for the
reference material to 301 kg C0g., U with Fe2SAITiB, The CED de-
creases from 5400 MIATU o 4685 MIATU and the fossil depletion from
117 kg 01 by AU bin 56 Jigg il /AL Thiazs, a vedhction of the environmental
impect of arcund 13% in all evaluated categories can be achieved during
production, assuming identical wear rates,

Decreased wear rates of the iron aluminide Fe2SAITIE lead to
imcreased Hfetime, Ar 200 7 C the wear rate of this ivon aluminide s 35%
lower than the wear rate of 1.4777, at 700 " C the wear rate is decreased
ower B5%. Thus, the respective environmental impact noemalised 1o
0,001 m” of produced 1.4777 is decreased accordingly. In wear appli-
cations using Fe25AITiE instead of 1.4777 at ambient temperatures the
GWP can be decreased by 149 kg COgpq U a0 700 °C by over 297 kg
O, /FU. The increase of the abrasion resistance at both temperatures
evaluated leads to a reductbon of the CED of 2354 MJ/U af 20 'C and
4576 MIAU at 700 “C. Also, a lower fossil depletbon result can be
pointed oue ~48 kg ol ac 20 “C and ~93.5 kg oil.fU ac 700 °C
can be saved by implementing iron aluminide materials as wear resiszant
materials

The maln sdvantages of the ron alumibnides [n terms of envicon-
mental impact reduction are, that ferroalloys as used for casting wear
resistant steels tend to have a high environmental impact and therefare
contribute severely to the GWP of high-alloyed fron-based alloys [34],
whereas primary aluminium shows less impact [35]. Substituting sceap
aluminium for primary aleminiom in production farther lowers the
environmental impact, since serap aluminium shows lower overall
envlronmental lmpact [36,57],

However, it should be noted that the production of beth alloy con-
cepis causees signifcant environmenial impact. The 1.4777 white cast
iron shows higher environmental impact caused by the urilised coal and
the respective effort for coal and chromium mining, as indicated by the
data evaluated in Ref, [5], Hard coal mining as well as the energy used
for smelting are the fwo highest contributions in both alloys since they
are bath [reon-based.

The lower environmental impact of Fe25AITIB can be attributed to
spveral factors. The production of aluminium is mainly achieved without
the wse of coke and coal [35], This causes a decrease of the need of coke
and coal by ~25%, which decreases the GWPL00 as well as the fessil
deptetlon toa certain extent, as presentad in this study, I primary
ilurminium is used for production, the electricity mix for the electrolytic
Al smelting has a crucial influence on the emissions. Here, the use of
serap metal and a greener energy mix as intended in many European
countries can achieve significant emission reductions [%0,345].

In general, it can be said that iron aluminides cause lower environ-
mental impact during production than white cast irons {and Cr-rich
steels]. This s caused by the lower demand for coke and coal during
production as well as the lowered effort for mining during aluminium
productiog [19], The increased lifetime as indicated by the wear tesis
performed in this study further decreases the normalised environmental
impact in the evaluated categories. Mevertheless, neither the regional
Influence on the environmental Impact, nor the influence of the pro-
cessing encrgy mix nor the material’s lifetime should be neglected when
assessing the environmental impact of iron-based alloys. Of course, the
effects of local production conditions and of specific applications cannot
be generalized. In addition to the increased wear resistance, iron alu-
minides feature significantly lower density compared to high alloyed
wedr resistant stecls, hence also an energy benefit in plant operation is
expected,

6. Conclusion

Based on the mentioned facts and the performed measurements,
following major conclusions can be summarised.
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# [rom aluminides with 25 wi% and 30 wit show dominant Feal phisss
with mingr other phase constituents such as the FesAl intermetallic
phase. Alloying with Cr and 5i increases the hardness, whercbhy
alloying of Ti and B leads to lowered grain sizes due to precipitations
of Tik and reduces the hardness as well o the yield strain H/E and
the resistance aguinst plastic indentation H/E%,

= A significantly lowered wear rate can be pointed out &t all iron
aluminides compared 1o the white cast iron reference. Here,
Fe25SAITIR shows a factor 1.5 decressed wear rate at 20 °C and factor
4 decreased wear rate at 700 °C as best-performing material, This can
be atributed by the formation of a mechanically mized laver by
incorposation of abwasive particles, which prevents the wear attack
i it eertain point

« The performaed life cycle assessment and the resulting caleulations of
different environmental impact categories, shows claarly, that the
production of 0,000 m” (functienal wnit MU fron aluminides lead
less global warming potential, fossil depletion and cumulative en-
ergy demand than the production of the same amount of white cast
lron

» Contidering the lifellme increase as evaluated via e wens ranes and
the respeetive production of the womn material, the global wirming
potential can be decressed from —350 kg CO /U o ~50 kg
Ceg/fU, the cumulative energy demand from ~5200 MJAU o
—BO0D M/ and the fossil depletion can be reduced from around
TR0 kg 0il o TU 10 less tham 20 kg oil ./ U0

» In general can be said, that iron aluminides show good overall wear
performance in  high-temperamure abrasive environments up (o
FOO "C and are promising candidates as  sustainable  high-
temperiture wear resistant alloys,
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ABSTRACT

Wear protection materials, especially those for high-temperature service, often contain substantinl amounts of chromium, cobalt and/or nickel and/ar with
embedded hard phases or forming harder intermetnllic phases, Due to the compartively high environmental impact of those clements, more sustninable alternatives
it be found. This study presents a life eycle sssesensent quantiiying the environmental impacts of theee groups of east alloys for wear protection: lron-, nickel-, aml
cobali-based alloys, The asesment inchedes the procluction stage from maw materials extraction to casting (upsream impacts from coadle-to-gate), with the func-
tinnal unit defined as 1 dm? wear protection material. Global aversge process datn were used bo estimate the environmental impact of the respective alloy, Results
indicate that iron-hased alloys ne studied here caue lower greenhouse gas (GHG) emission during prodisction (57-108 kg OOz dm” or BA-13.8 1 O0p,1)
compared (o nickel-based (185205 OOy dm” or 20222 ¢ C0n.t) and cobalt-based alboys (318-347 G0 dm® or 31.2-39.5 1 €0, /1), The lowest emissions
during production are caused by iron aluminkde-based alloys ot sround 57 kg CO5../dm” or approx. 8.4 1 C0g./1, which [s up to 90 % less than cobali-based alloys, of
up to 60 % less than nickel-based alloys, and around 50 % relative 1o Crorich iran-based alloys. Further, lifetime constderations based an actual wear data of the
respective alloys at ambient and elevated tempemdunes were accounted for, and three diffesont case studies were evaluated, namely abrasive wear at feeder plabes,
ervalve wear on sleves (both ot nmbdent and high temperatuses) s well a3 wear on grate bars of o sintering plant for plg iron. Here, [0 was shiwn that the wear
maberinds’ lifetime of wearing material has o crucial elfect an the enviroomeninl mpact, sinte a poolonged lifetime rédoces the need for spare parts and of
replacement of the goods with their embedded carbon footprint. For example, an avernge hot sieve can achieve GHG emission savings of approa. 50 § O0g./a when
ising an imoa-alimdniem alloy fetead of & coball-based wear protection. The exchange of 10 m” worn grate bars for a sintering plant made of an iron aluminide
instead of a white cast inen saves over 500 ¢ Cgp, /0. Further, aver 50 % emission savings in other environmental impact categories can be achisved by this measure.

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

10
ledge

now

]
|
r ki

| EN I

Ty

1. Introduction

To ensure more sustainable engineering solutions, o wide range of
measures is needed and availahle to mitigate environmentzl impacts in
general and climate change effects in particular. Despite the obwvious link
between friction and energy loss in transmission systems and tribolog-
leal paldngs, eomparstively linle anentton has been paid to lncressed
efficiency and sustainahility of machinery and energy transmissions as
summarised in Refs. [1,2]. Holmberg & Erdemir [1] pointed out the vast
contribution of wear (o global energy consumption: they estimated that
20 % (103 EJ) of the world’s total energy consumption are bost in
tritlogicnl contacts and that 3 % (16 1) are ued to remanufaciure or
repair worn components. This shows a great potential not only to
decrease energy consumption but also to reduce environmental impacts
resulting from both the consumed energy and from svoided production
of replacement materials due to their increased lifetimes. The authors
estimate that through reduced friction and wear protection, ensergy
losses in machines, vehicles, and other equipment could be reduced by
39 % waorldwide in the bong tenm (15 years). From a global pemspective,

* Corresponding authar,
E-mail address: harabild rojaceiiac 2o (H. Rofaczl,

heepss o oo 10U DO e, 200240 IS T 2

this would result in a long-term saving of 8.7 % in total energy con-
sumption. Over 15 years, advanced tribological technologies could alse
save 3140 Mt of COz emissions [3,4]. Also, up to 8.8 Gt of resources per
vear can be saved by doubling the service life of tribological compo-
nents, a3 estimated in Rel, [4], According to Woydt [5], doubling the
lifetime of wear protection materials has the potential to save between
A7 Gt in mass resources 45 well 45 a8 4.6 to 9.4 Gt COgy of embedded
greenhouse gos (GHG) emissions per year,

Wear protection often uses high amounts of Co, Cr and N1, especially
for complex applications and for high-temperature service (6], Under
high temperatures, different steels such as wear resistant martensitic
steels sulfer from softening, whereas Fe-based hardfacings or cast ma-
terials with alloying of Cr, Mo, W, C, B and the resulting precipitations
retalin thelr high hardness snd wear reststance [7 0], Purther enhance-
ment in wear resistance can be achieved by using strengthened Ni-based
materials as well as Co-based muterials [10-12]. This significantly in-
creases the wear resistance and the hot hardness up to 700 "C [6]. The
price for the high stability s the comparatively high environmental
impact of metals such as coball and nickel [13,14], Therefore, it is of
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grent interest to And aliernative replacements for alloys containing high
amounts of Co, Cr and Ni. Iron aluminides have been studied as a more
sustainable replacement for a high-chromium cast iron [15]. Also,
strengthened claddings made of those materials are promising candi-
dates in order to replace Co and Ni casts and claddings [16]. For alter-
native alkoys four different strategies can be used 1o Increase materials
efficiency [17]: i) product lightweighting and marerials substitution, i)
improvements in the vield of material production and manufacturing,
i} maore intensive use and lifetime extension and iv) enhanced recyeling
and reuse. Thos, more sophisticated materials solutions with lower
density, increased lifetime and a lower environmenial impact during
production and application contribute to three of the four strategics
aiming at materlals efficiency.

To estimate the environmental impact of engineering solutions
during different steges or the whole product lifecycle, life cycle assess-
ment (LCA) is an established method that is governed by the 150
14040:2006 [14] and related standards. Published LCA studies investi-
gate the environmental impacts of different metals, from ceadle-to-gole
[19] and from cradle 1o final processing (without component produc-
tiom) [20]. These provide a good starting point for developing sustain-
able alternatives for wear protection, but specific materials must be
assessed. This can be elther dome via specifically collected primary data
or via secondary data from publications and datnbases to increase the
accuracy of the impact estimation as well as to conform w suitable
system boundaries [21]. For the metal and mining industry in general, a
harmonisation of the LCA methodologics has been proposed [22]. For
wear protection and tribology, separate approaches are used. Here,
simulation results [271] or experimental wear data [15,24] were used to
investigate materials’ lifetimes and the resulting influence on LCA re-
sultx. Beyand the direct comparison af LCA resulis, different approaches
were developed in tribology studies [25,240], For instance, a so-called
impact pyramid |5 used to graphically depict the relationship between
wealth, costs and environmental impact. Another comparative LCA
approach that considers a normalised “triboelement” (tribo-system) is
based on indices for material pairings, lubrication, energy, environ-
mental preservation, and recyclability, This is to epable a better un-
derstanding of the interaction of different eontributars in a tribo-system
and particularly its lifetime effects [27]. Nevertheless, no harmonised
LCA procedure for tribology and wear protection is yet established. Also,
the goals and scopes, Including the functional unit, differ between most
of the studics, impeding the comparison of the environmental impact
[1].

In general, different spproaches in wribology can redoce different
environmental impact categories [25,260]. For example, during the use
phase, friction reduction leads o lower impacts in the energy-use [ 28]
related impact categories of climate change and fossil resources deple-
tion, whereas wear control uwsually resulis in reduced material con-
sumption, which saves embedded COp-emissions [29].

The need for a better understanding of the environmenial impact of
wear protection materials is quite evident. In this study, the environ-
maentl impacts were analysed from cradle to gate of a broad variety of
cast wear protection materials based on cobalt, nickel and iren, with o
wide selection of alloying additions, Since transport distances [30,11]
and reglonal influences (e.g. energy mix) often contribute to a high
variability of LCA results [ 22,11], a global average was used throughout
to compare the production of 1 dm® of & wear part (as the functional
unit), Furthermore, lfetime estimates were derived from earlier studies
regurding weer resistance of the materials by the authors to quantify the
Inflsence of lfetme on the sverll environmental impact,

2. Methods
2.1, Wear protection materials

A broad range of alloys was chosen to investigate the influence of
different major and minor alloying contents on the sustninability of wear

Harald Rojacz
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protecion materials. The assessed materals, their chemical compoesition
amtl densities used for further LCA caleulations are summarised in
Fakle | The selected alloys shall provide an insight into a broad range of
chemical compesitions used for wear protection and was based on wear
data availability. The material matrix provides insight into the influence
aof alloying on the snvironmental footprint of different materials solu-
tions applied in wear protection. It is assumed that all materials were
manufactured via casting, 1o keep the results comparable,

2.2 Lifr cycle assessment

221, General informmation, goal and scope
For the selected materials, an LCA was carried out following 150

14040:2006 [15] with the openlCA v.1.10.3 software (GreenDel
GmbH, GER) with the ecoinvent 3.8 database {ecoinvent Association,
CHY The goal was to find materials with & low environmental impact,
which were subsequently compared in different application scemarios 1o
estimate the possible impact reduction in environmental impact cate-
gories that were selected based on thelr relevance in the materkals and
tribology sector, The production of 1 dm” of a wear protection alloy was
chosen as the functional unit (U} for a meaninglully comparison be-
twieen the materials with their different densities, as wear of materials
affect the volume with the weight of the compoenent being secondary.
Anyhow, for the GHG emissions, the global warming patential GWP100
was provided in mass-based emissions [t C0a.0/t]. Environmental im-
pacts were estimated for single constiments using ecolnvent’s global
market data sets. This mass-based reference flows are then further
converted o 1 dm® wear part vin the constituents’ densities based on the
alloys chemical composition. A schematic overview of the LCA flow
disgram indicating system boundaries and input/output Aows is pre-
senred in Fig. 1.

The impact assessment method ReCiPe 2016 v1.03, midpoint (H)
[43] was wed to estimate the environmental Impacts per fU in the
following categories, with indicator units in brachkets:

» Global warming petential GYWP100 [kg OOy TU]
« Fossil resource depletion FD [k Oil,., A1)

s Mineral resource scarcity MRS [kg Cu, /U]

« Water depletion WD [m*/fU]

= Terrestrial ecotoxieity TEC [kg 1,4-DCE U]

The GWP100 is the sum of the climate impacts of all GHGs emitted
per functional unit (fU) over the entire system - here from crdbe 1o
{factory) gate. The climate impact of GHG emisions is usually calou-
lated for a 100-year time harteon (thus GWP100), For a given GHG, the
GWPL00 i3 the equivalent mass of €05 that has the same cffect on the
glohal energy balance during one-hundred yvears after emission as 1 kgof
the GHG n question, The most important GHGs are carbon dioxide
{(COgk, methane {CH,), dinitrogen oxide (N20), and highly persistent
perfluorinated gases [44,45). Comversion of all GHG emissions foom
cradie to (factory) gate, wsing the appropriate GWP100, to CO5 equiv-
alents and then summing these up yvields the motal system GWP100. A
similar approach is applied e the other impact citegenies To quantify
the systemn's fossil resource depletion, all organic resources used in the
system are converted (o oil equivalents and then summed up, for mineral
resource scarcity, all raw minerals used are converted to the equivalent
amount of are used for 1 kg copper, and (o quantify eerestrinl ecotox-
icity, all toxic emissions are converted to their equivalent mass of 1,
4-Dichlorobenzens, with o finol summation at the end [44]. Water
depletion does not reguire any conversion.

Further, the cumulative energy demand {CED) was estimated via the
CED method [46], This method summarises all primary energy sources
regurired by the mineral production up to the factory gate, and it can be
usedd 1o deseribe the encegy used per fU. The CED s not an impact
category, but according to Klopffer & Grahl [44] it can provide impor-
tant information about energy consumption.
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Wear profection materials assessed in this smdy and their chemical composition in mass percent (average values from the cited sources). lron aluminides without

sources are model alloys.

Cobals:bhased alloys [ 14,55

Name Miterinl numbser/designation Deverity [lg/dem"] =1 ir W [ ] L P c nther
Allay & [S1allite 61 RANCKH: [UNE] R24 £43 R 4.5 - -1 - 1.2 5i, Mn
Allay 21 [Siellite 211 A0 (UNEY LXK 472 ol 7 15 1 2 (LF | Sl
Mcked-based allovs [18 0]

Mot Muirrinf mamidnr,desipmnion Devasity [eg/dor') L or Fr W L G filn i
MHCraaw 24874 (EX) B3l 35 = 14 4.5 -] 045 12 -
Aoy B (MEC15FE) 24816 (EN) R E] 715 17 14] - - - o5 1
NICr2 1Ml 4w 24602 (EN) BTl 57 a2 3 a5 14 - 05 25
tron hased alloys

M Mhaerial numiber/desgnanon Density (kg/dm’] e ior L L] 5 C Al T
White cast tron G-X 130 Cr8i 2-9 (39,40 1ATFF (EN} ¥R LN aa 1 1 2 14

Neihard 4 [G-X 320 Credisi 9.5-31 [41,42) 930 {EN] 74 74 L] w5 s ] 3 = =
Bron abumiside §175] FelsAl .58 75 - - E: = - 25 -
Eran abamisida” [15] Fe2SATTER .54 718 - - - - - 5 1.2
Iran abaminide Fel 54l 709 &5 - - - - - 15 -
fran nlamimide Fiel GRS 6.AT & ] 15

Iran alamimide Fel SARC [ ¥ 80 . 1 15

Eran alumimnide” FelSART@ %1 a1 - 15 3.2

EN ... European Standard, UNS ... Unified Numbering Sysiem for Metals and Alloys.
* Baron in the Fe2SAITIB and Fel SAITIE material systems was neglected due to its low mass contribution,

o ——————

Fig. 1, LCA flow dingrmm for all malerinls,

222, LCA inpuis & ourpunis
To model the environmental impact of the individual constituent
materials, global average market inpul processes for eich were dsed

Tahle 2
LCA inpuis: ecoinvent deliveries and processes and cormesponding refesence
M.

Eelivery process Neirrenioe Mo Mlans P
L 4]
Aluminiizn, primary, mgot, market Ahuminizm, primary, 1
L0 ingot
Tkt irom, marken GLO Cas irmon 1
Chromiiim, market GLO Charumism 1
Cobalt, market GLO Cinkall 1
Geraphibe, morkei GLI Graphtie 1
tangancse, market GLO Mangnnese 1
Mulybdemum, market GLO Mudyhedenum 1
Wickel - ehass 1, market GLO Mickel 1
Sifican, metnllurgicnl grade, marke Silicon 1
GLO
Casting, steel. lost-wax, morket RoW®  Costing 1358
Steed . low alloyed, market GLOY Steed 1
Tiamium, market GLO Tigunisam 1
1

Tungseen — caneestrne, markel GLO Tumgsien

* The priscess” 1otal energy requirenent was adjusted to Hierature data, fom
the ecoimvent valee of 530 M kg cost product o 297 MJ/kg cast product, and
s GWP1D0 reduoed from 34.5 kg 00,k east product bo 2515 kg COw/kg casi

product.

* wsed for the iron aluminides Fe2BAL Pe2ZSAITIR, Fel SAL Fel SAIS, Fel SAIC,
wnd FelSAITIR, 1o estimnte the lmpact of the steel component, Le lron with &
crirbon content <206

Harald Rojacz

from the ecoinvent database as noted above, with o reference flow of 1
kg of each constitwent (Table 2), Glohal average markets were chosen 1o
exclude regional infliences on the model.

For the cobalt- and nickel-based alloy constituents, the ecoinvent
processes for aluminium, carbon, chromium, cobali, iron (steel, low
alloyed), manganese, molybdenum, nickel, silicon, titinium as well as
tungsten were chosen, For both east irons (white ¢ast iron and Nihard 4),
the iron content was evaluated via the "cast iron, market GLO™ process,
whereas the iron aluminides were estimated via the ecoinvent process
“steel, low alloyed™,

For casting, the lost-wax casting process was chosen, since the pro-
cess of sand and lost-wox casting does not differ much, enly the moulds
are different; instead of sand, a slurry is wsed [47), Since sprue and riser
have 1o be considered for casting, an increased mass flow of 1.25 kg was
chosen for casting, a3 thess pants alio have to be smelted and cagted,
Closed [oop recycling of sprue and riser was assumed for all materials,
The ecoinvent process used o model costing of the materials was
adjusted o fit literature data: According to the annual report of the
Foundry Industry Association [48] most of the cast facilities use electric
are furnnees. The electriclty consumption of these furnaces i between
380 kWh and 800 kWh per ton of melten steel [£9,50], Due to the high
temperatures required in the production of cast steel, the process is
energy-intensive and the energy consumption depends on various fac-
tors such as the cast material (iron, aluminium, etc.) itself, the type of
melting, the geametry of the casting, the mould process and the unit
weight. The primary energy comsumpiion for cast steel in Austria was
between 12.6 MJ kg and 25.2 MJ/hg in 2013 [51 |; energy consumption
in the UK foundry sector averaged 55 MJkg [52). In the original pro-
cess, the total energy requirement is 530 MJ/kg which is much higher
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than the values from Ausiria and the UK mentioned above, Therefore,
additional inputs of steel (chromium sieel 18/8) with 1.89 kg per cast
product and the output “scrap steel” with 1.89 kg per cast product were
debeted pnd thus the assumption of o closed loop was made, as the sceap
is commonly returned to the mele. This reduces the total energy
requirement to approx. 397 MJ/kg. Clearly, the contributions of the
casting process to the overall LCA results are subject 1o high un-
certainties and should therefore be viewed with coution. For this reason,
the contributlon of the casting process is shown separately in the resulis.

23 Case suadies

Three case studies were selected to show the influence of a range of
wear mechanisms on the lifetime of different materinls and thedr impact
o the LCA, These case studics are estimations to show lifetime effects

aeceptable wear [mnr|

-r_
fal™ lifetime |al

The Hfetme materal loss was determined as the denominator in
equations (23 snd (3) below, the lifetime itself is also derived in these
equations, and the environmenial impact per fU is the resuolt of the
cradie-to-gate LCA as described in the previous section. For case studies
1 and 2 only the climate change impacts — in units of COy — were
analysed, whereas for case study 3 all impact categories were accounted
for,

Case study 1- feeder plate: Fecder plates for either hot or cold
matter suffer mostly from nbrasive wear. Therefore, wenr rates were
used to determine the lifetime of a (eeder made from a given material,
with the assumption that the material passes by as fast as in the test (1
m/s) and the load burden is comparsbie. For the caleulation of the
lifetime, equation (1) was used:

{eq. 2)

lifetime la| =

and possible environmental Impact reductions caused by the improved
wear resistance in the respective applications by utilising different ma-
terials. Here, Cr-rich iron-, nickel-, and cobali-based alloys as well as
iron aluminides were compared in diferent heavy industry applications.
In detail, four materials were chosen: (i) the iron-based alloy 1.4777
{white cast iton - abbr. FeCrC), (i) a nickel-based alloy {cast 2.4867%9 -
abbr, MICAC), (1) & cobalt-based alloy (Alloy 6 - abbs, CoCrW) s well as
an iron aluminide-based cast alloy. The wear resistance of these material
wns assessed In close-to-reality conditions In two laboratory tests,
namely erosion and high-stress abragion tests at both ambient temper-
ature and ot high temperature (550 “C}, The wear dota was taken from
prior works from the authors [5,53]). Selected wear resulis from Refs, [6,
53] are presented in Fig, 2

The high-stress abrasive wear rates (1lg 28] were quantified by a
modified ASTM G65 dry sand/rubber wheel apparatus test [54], with a
stee] wheel counterbody of a boron- and chromium-alloved martensitic
stee] Hardox 500 (1.8703 ace. EN) and standard Ortawa quartz sand as
abrasive, The relative velocity between the wheel and the inductively
heated specimen was set 1o 1 m/s. A more detailed description can be
found In Hel. [6], This scenario models particles abrading over surfaces
at high loads, such as in heavily loaded transport chuies. Contrary,
erosion simulates freely moving particles in an airflow, bue at much
higher velocity than in abrasion testing. The erosion rates (1. 2b) were
quantified via a solid particle erosion test a1 ambient amd high temper-
mtures, as presented in Refs. [6,50]. Briefly, a rotor with channels
aceelerated & quarts eroslve thal impacied (he specimiens 6t a given
temperature ina heated chamber, The erosion rate was calcolited after
testing from the mass loss.

For all three case studies the environmental impact per year was
calculated based on the anmual material loss through wear and the
resulting materials exchanged, on the environmental impact per iU and
on the material's lifetime {equation (11}

Harald Rojacz

3600 s/h| » 24 h/d) » 350 [d/a) » wear rawe i'g-'] s relative velociry ["] » abrasivity factor | - |

The acceptable wear, before malntenance becomes pecessary, wast
set to be 100 dm” (100 fU), The wear rate and relative veloeity were
taken from the experiments in Refs, [6,53] the abrasivity facior was
assumed with 30 based on the authors” experience with lifetimes in
different  applications, accounting, among others, for the feeder
throughput, the abeasivity of the abrasive matter relative to quartz, gs
well as the particle size. A total estimared material replacement during
maintenance requires opprox. 400 dm® (0.4 m®) of material (4 wear
protection plates with length x width x thickness of 2 = 1 = (.05 m),
MNeither transportition nor recycling wese considered in the case study,
For this study, the GHG emissions during production of the wear pro-
tection were caleulated for one year of operation, reflecting scope 2 and
3 of m case-study site,

Case study 2 - hot and cold sieves: Sieves mostly suffer from
erogion a8 well az combined impsct-abragion of the sieve openings,
Manetheless, hot and cold sieves are necessary aggregates in many in-
dustrial processes [29], For this case study, the lifetime was calculated
secarcking to e, (5],

weceptable wear mm |
ernsim rate [eg!] w throughpur H = erpsivity factor | - |
(eq, 3)

The acceptable wear in the application was set to be 45 dm? (45 fU)
{sieve with 10 m = 3 m and sn acceptable wear of 2 mm with the
psmprmption of 25 % lost aren for slits) before maintenance. The erosion
rate was taken from experiments [53], the throughput was set to 1040,
000 t/a; the erosivity factor was msumed with 0.02 based on prior
experience in an evaluated sinter plant, which depends on throughpat,
the different erosivity of the sinter compared o guariz, lower impact
speeds, a3 well as partele size and impact energy. A todal estimated
material replacement during maintenance requires appros. 1.2 m”
(1200 dm® = 1200 fU) of material (plates with a total of 10 « 3 « 0.04

lifietime a| =
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erosion in case study 2 (hot and cold sieves).

m), whereas no transportation nor recycling was considered in the case
study, For this study the GHG emissions during production of the wear
protection were calculated for one year of operation, refllecting scope 2
and 3 of a case-study site.

Case study 3 - sinter graves: Sinter grates are highly loaded in their
appleation, sintering of iron ore, coke, and limestone for optimised
utilisation in the blast furnace. Due to high temperatures up to 1000 °C
during the sintering process, the grate bars on the moving sinter belt
suffer from high-temperature comrosion as well as high-temperamne
abrasion, Thiz causes significant wear loss and thus downtime, pro-
duction losses, and maintenance costs. Moreover, the wear has a sub-
stantial environmental impact, since approximately 10,000 sinter grates
have to be manufactured and repleaced every year for a single sintering
plant in Austria [33]. Therefore, materials with high-temperature wear
resistance that are also corrosion resistant and have a lower environ-
mental impact are of great importance. Two materials that withstand
such corrosive environments, i.e., white cast iron 1.4777 {abbr, FeCr)
and iron aluminide Fe25AITIB (abbr. FeAl) were compared in case study
3

As an assumption based on failure analyses performed in Ref. [33],
the high-temperature corrosive attack makes up about 60 % and the
high-temperature wear causes the remaining 40 % of the decay, Based
on previous research an these materials, the lifetime of a grate bar made
from FeCrC is around 1 year before breaking or excessive

&

Global warming patential kg COy, fdm?]

8

g

d ] * ] ]
!1#‘ ,ﬁ:l:ﬁrn* rnp qﬁ}uﬁ‘f q{?f q‘{,‘%‘q:i

=

e —

corroslon/wear consequences during maintenance [13). With the
alternative material FeAlTiB, a lifctime prolongation of —30 % is
possible [12], despite an overall more significant reduction of both HT
wear [15] and corrosion [23] which is considered for this case study,
Therefore, the following assumptions were made for case study 3t

Tabkle 3
Comparison of vohime-relotsd GWPL00 per (U [k EEI~H-"1h'u"| and mass
related calculations of the GWIP10D [t ODy,/T].

Adloy Volame.relared GWP100 (kg Clg.,  Mass-relaced GWP100 (1
dm]’ Tl
Ay 6 14705 .46
Allsy 21 nras 397
24579 180,72 .8
14816 165,71 21.86
24602 202 5T
1.4FFF 102 T 1378
L3 19,50 AT
Fe25al L nom
FelSAME 665D i0.5%
Fel300 BN 849
FelSAM  H0.30 BAd
Fel5AN 57.21 B39
FelSAITE 69.98 10
b)_ = s
T Cashing
b= LT Ti L
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Fig- 3. Cradie-to-gnte LCA results for the U 1 dm®cast wenr part: n) Global warming potential GWP100, b} Cumulative energy demand CEL.
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& 10,000 grate bars are replaced each year with o total volume of 10
m’/n cast material.

& A 30 % lifetime proloagaton at Fe2SAITIB compared to the white
cast iron 1.4777.

= Neither recycling after use nor transporintion were considered for
this study ~ only the production of the sinter grates,

3. Hesulis and discussion
3.1, Lijecycle assessment resulis

Fig. % shows that the cobalt-based materials (Alloy 6 and Alloy 21)
have the highest cradle-to-gate GWP100, followed by nickel-based ma-
terials (24816, 24816 and 2.4602). The iron-based materials (1.4777,
0.9630, Fe25A1, Fe2SAITIB, Fel 5AL, FelSALSE, Fel5AIC and Fel SAITIB)
perform best with a substintially lower impact compared to the other
materials, The mass-based GWP100 denomination for comparison can
be found in Table 3

The material FelSAIC has the lowest GWP100 of apprax. 57.21 kg
050/ I 0r 8.4 £ C04pq¢L. The reason for this is the high fraction of iron
at BO wit and 5 wi'th of carbon, which has o low GWP100, The 15 wih
of aluminium with a high GWP100 does not have a very negative effect
overall. Here, the lower density and the resulting lightweighting of the
materials, a5 mentioned in Rel. [5], helps to decrease the climate change
impact. The material system 1.4777 {white cast iron) has the highest
GWPIDD of the lron-based materials at approx. 10278 kg COge /MU
(13.7 t C©0as4/1). The reason for this is the low iron content of 64.6 wit%h
and the high chromium content of 30 wi. In general, it can be said for
iron-based materials that the higher the mass percentage of iron and the
lower the mass percentage of aluminium, chromium and nickel, the
levwer the GWPL0G,

Nickel-based material systems are second with respect to their
climate change impact - at 17,97 kg COgep/kg, their main component
nickel already has an elevated GWP100, In addition, the nickel materials
contain other components with a high GWP100, chromium contributing
i it The material system 2, 4879 performs best amodng the Ni-based
alloys with a total GWPL00 of approx. 180.72 ky O0u/ U (208 t
€04 t), 85 the fraction of nickel is only 48.35 wi%, Although It also
contains 30 wt% chromium, the other components with their low
GWPL10D lead to a somewhat lower overall rating. The components
carbon, [ron, manganese and tngsten all have a GWP100 between 0.07
kg COapy/lig amel 5.74 ky CO2q'kg: Molybdenum has hardly any effect
on the everall GWP100 due to fis very low fraction of 0.5 with. Within
the nickel-based material systems, alloy 2.4816 (Alloy 600) has the
second-highest GWP100 of approx. 185.71 kg 004, /MU (21.8 £ OOy, /1),
In contrast (o 24879, the proportion of nickel is the highest of all nickel-
based materials at 71,5 wi%h, the proportion of chromium is the lowest at

Table 4
Calculated lifetimes of the mnterials in cose studies C51, C52 and G583,

Case sty C51 - feeder plutes {abrusion)

Miterial Lifisthme, 30 °C Lifititne, S50 °C
Folri Al5a 150 .

FeAlTIH BI2a 1464 0

WGPt T71a 158

ColirW E84a ilow

Coame wiacly 2 - hot und codd rieves fenosion)

Muterinl Lifetime, 300 Lifetime, 550 C
Felris 132a 1.0a

fe 1130 0808

ColeW a9l a 0.5 s

Case sty 3 sinver graie bary (high-tempemiure wear and cormosion st 700 C)
Felril Loa

FeAITH I3a
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17 wit, and the remaining components only have a low GWP100, The
highest climate change impact among the nickel-based material systems
fe that of 2 4602 [NICr21Mol 4W) with a GWPL00 of approx. 203,92 kg
COgeq/ MU Or 22,6 £ OOt respectively, Although 24602 has o lower
fraction of nickel at 54.5 wi and chromium ot 22 wis, the 14 with of
molybdenum and the 2.5 wi% of cobalt result in a higher overall
GWP10d0,

The two cobalt-hased materials have the highest climate change
impact, Stellite 21 with a GWP100 of 317.91 kg COqe,/U (31.3 1 OO,/
th Is-ahend of Alloy 6 with o GWPL00 of 347.05 kg COu./1U (395 ¢
G0z /th In Alloy 21, the fraction of cobalt is only 47,2 wi%h in contrasy
to the 52,4 wi% of Alloy &, Other alloving elements contribute little.

The casting process contributes significantly o the environmental
impact; its relative contribution is lower for cobali-based materials (9.1
% and 9.9 %) and nickel-based materinls (15.4 %-17.4 %) than for iron-
based materials. For fron-based materials, the share of the casting pro-
cess is between 3006 9% (1.4777) and 55.0 % (Fel SAIC), due to their low
total imipact.

For the GWP100 valises the data presented in previous studies do fit
quite well. Cobalt is reported to have 28 t OO/t [55], nickel roughly
131 GOt [56], wherens stee] typleally has 2 1o 5 t COge/t [57,58],
with one study even reporting 6.8 kg COu.,/kg crude steel [59]. A case
study from Poland gives an average of 249 ¢ GO/t steel (low alloyed
and rolled) [60). However, these numbers are for non-cast and
low-alloyed steels. Here, the casting process modelled for all materials
adds substantially 1o the GWP100 (193, Ha), since casting is an energy-
and misterial-intense process, This offset for casting adids approximately
35 kg Cﬂ;,,ﬂ,-'dm:' or ~3.8-4.9 kg 0O /kg (depending on the densizy).
In relative terms, casting increases the GWP100 of the iron-based alloys
the most, due o their lower GWP100 before casting. In general, further
processing cin conteibite significantly to the overall GHG embssions
during production [61]: forging contributed over 30 % of the GWP100
(~1.5 kg COprkg) and heat tremtment added —0.8 kg GOy kg,
whereas alloying in steels [only up 10 5 % Cr were considered) only
varied the result by roughly +0.1 kg COg/kg. Furthermore, most
sticles clied above do ool consider alloving, whereas results for the
high-alloyed materials, white cast iron 1.4777 (30 % Cr, Tablo 1) and
brom 0.9630 (9 % Cr and 6.5 % NI usirate a wider trend that o higher
yvield strength (usually achieved via alloying) may be associated with
higher GWPL100 values, Overall, bath the offset relative to conventional
stee] from casting and the influence of kigher alloving on the environ-
mental impact appear important (o the GWPE00 results. Fig b presents
the cumulative energy demand (CED) of the investigated material sys-
tems, with similar trends as the GWPT00 values, Again, the fron-based
materials show the lowest CED values, followed by nickel-based mate-
rials (2.4816, 24816, and 2.4602), whereas the cobali-based materials
{Alloy & and Alloy 21) have the highest CED, due to the higher CED
values of cobalt, chromium and nickel. Alloy 21 with a CED value of
1113 G contains less cobalt and is therefore less energy-intensive
than Alloy 6 with & CED value of 13.03 GI/NJ. With a CED value be-
tween 386 GJAU for 24879 and 4.61 GJAU for 24602 (NiCr2l-
Moldw], nickel-based materials rank second, far better than
cobalt-based material systems. Generally, the greater the mass [rae-
tions of the energy-intensive elements nickel, chromium and cobali, the
greater the overall CED per functional unit becomes. The lowest CED is
cansed by iron-based materdal systems. The CED lies between (.78
GJAU for PelSAIC and 1.71 GJAU for 1.4777 (white cast iron). The
higher the mass fraction of iron and carbon, the lower the CED. To
varying degrees, the remaining alloving elements such as aluminium,
chromium, nickel or ttanium all raise the CED.

The casting process has o smaller relative effect on the total CEI than
on the toml GWPL00. For cobali-based materials (3.8 %-4.5 %) and
nickel-based materials {10.7 %128 %) the share of casting in the total
CED i lower than for iron-based materials, where it contribntes betwesn
28.9 % and 61.3 Y&

For the next impact category of fossil resource depletion (FD, Fiy, 4a
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shows that iron-based moterials (1.4777, 0.9630, Fe2SAl, Fe25AITIR,
Fel5Al, FelSAISI, FelSAIC, and FelSAITIB) have the lowest values, In
second place gre the nickel-based material systems (24816, 2.4816, and
2.4602), followed by the cobali-based material sysiems (Alloy 6 and
Alloy 21, which have the worst FD impact. The FD of the cobalt-based
materials lkes in the range between 95,40 kg ol /U for Alloy 21 and
106.34 kp oily/FU for Alloy 6. The three nickel-based materials range
between 43.46 kg oily/fU for 24879 (Alloy 600} and 55.09 kg ol U
for 24602 (NICr21 Mol4W), The relatively high FO values for nickel and
in particular for cobalt lead w significantdy higher overall FD values
where the mass fractions of the two components are higher. Although
the material system 24602 (NiCr21MoldW) contains only 54.5 wi%
nickel, it also contains 2.5 wis cobalt and therefore exhibits the highest
FD Impact of the alckel alloys assessed, On avernge, (heé inan-based
materials are rated best. The FD of these material systems lies between
£.86 kg oil. MU for FelSAl and 26.67 kg ollog/TU for 14777 (white cast
iron). The FD of the iron compomnent has very fittle influence on the
overall FI. The high environmental impact of the materinl system
1.ATTT (white cael iron) results primarily from the 30 wi% of chrombuam.
Repeating the trend reported above, the share of the casting process in
fossil consumption has the least impact on cobalt-based materials at 8.3
%-9.3 %, For nickel-based materials, this share is higher at 16.1 %-18,3
U, but still low compared to iron-besed materials. Their proportion of
the casting process [& 33.2 % (1.4777) to 61.4 % (Fel5a1C) due to the
loweer FO¥ of the sourced raw materials.
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- 4 shaws results of the impact eategory mineral rescurce searcity
(MDY of the material systems under consideration, Similarly 1o the other
impact categories, the cobalt-based materials (Alloy 6 and Alloy 21)
have the highest MD, again followed by nickel-based materials (2.4816,
24816, and 2.4602). The iron-tased materials (1.4777, 0.9630, Fe25Al,
Fe2SAITIE, Fel5Al, Fel5A1S1, FelSAIC, and Fel SAITIE) perform best.
The MD values of cobalt-based materials are B5.10 kg Cug,/fU for Alloy
21 and 92.64 kg Cuyy/fU for Alloy 6, since Alloy 21 consists of 47.2 wihs
of the high-MD element cobalt, and Alloy 6 of 3.4 with, Nickel-baged
material systems have a lower environmental impact in the mineral
resource scarcity category. They are In the range of 38,52 kg Cu,/fU for
24879 and 47.62 kg Cuey /U for 24602 (NiCr2 1Mol 4W) The lower the
mass fraction of nickel in the material system, the lower the MD valoe.
Accordingly, the materdal 24602 should be in second place, but i
contains 2.5 with cobalt, leading to a higher overall MD value. The iton-
based material systems perform best, with MDD values from 3.51 kg Cugg’
fU for Fe25Al to 7.12 kg Cuey U for 0.9630 (Nihard 4). The MD value
for irom is almost twice as high as that of aluminium. Therefore, the
material svstems with a lot of sluminlum have lower MD values, IF
components such as titanium and nicked are included, they resule in
higher total MD values.

The casting process has only a small effect on the togal MD for cobalt-
based materials {only approo. 0.7 %-0.8 %) and nickel-based materials
(approx, 1.5 %-2.5 %), In the caze af [ron-based materials, the propoe-
tion of the casting process is higher, 9.8 % (0.9%630) o0 19.2 %
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{Fel5AlSi),

According o Fig. 5a, the highest water depletion (WD) values are
achieved by fare by the cobalt-based material systems (Alloy 6 and Alloy
21). They are followed by substantislly lower impacts of the nickel-
based material systems (24816, 24816, and 24602), By far the
Iowest environmental impacts in the WD category are found in iron-
hased material systems (14777, 0.9630, Fe25Al, FelSAITIR, Fel5Al,
Fel5a151, FelSAIC, and Fel SAITIB). The high WD values of the cobalt-
hased materials are 41,96 m” /MU for Alloy 21 and 51.43 m” /U for Alloy
6. Cobalt has by far the highest WD of all components of the material
systems. Compounded by o high mass fraction, this results in very high
WD values. The WD of nickel-based materials is rowghly 90 % lower than
that of cobalt-based materials, namely between 7.81 m*/U for 24879
and 11.77 m”/fU for 24816 (Alloy 6000, The WD of nickel and cobalt
leads to 8 higher WD with a higher mass fraction. lron-based material
systems have the lowest WD, The WD s between 0,33 m™/fU for
Fel SAIC and 1.1 m*/U for 0,9630 (Nihard 4], Somewhat higher overall
W values result from the alloying elements aluminium, chromium, and
nickel.

The proportion of the casting process, has the least effect on water
consumption, at 0.3 %-0.4 %, for cobali-based materials, Nickel-based
materials follow In second place with a share of 1.4 %-2.1 % The
proportion of the casting process for iron-based materials mnges from
148 % (14777} to 50.2 % (Fel5A1C)

In the impact category terrestrial ecotoxicity (TET), the order be-
tween the materials differs from that observed in the previous impact
categories (Fig. 5b): Two of the thres nickel-based materials (24816 and
2.4602) have the highest values. The cobali-based material systems
(Alloy & and Alley 21) - and in betwesn the nlckel alloy 24879 have the
next-highest TET. Iron-based material systems [1.4777, 0.9630, Fe25Al,
FedSAITIB, Fel5al, FelSALSE, FelSAlC, and Fel5AITIR) have a much
Iower TET than the other two material groups, as indicated by the break
in the y-axis of the figure: They range from 125 kg 1,4-DCB LU for
Fel5AIC to 415 kg 1,4-DCB,/fU for 0,9630 (Nihard 4). The base com-
ponents iron and aluminium have a low TET value and have litile in-
fluence on the overall TET value of the functional wnit. The alloying
clements titanium, chromiom, cobalt, and nickel increase the overall
TET values of the compound materinl due to their individual high TET
valoes.

Nickel-based material systems have TET values between 11,540 kg
1,4-DCBeq/ U for 24879 and 16,756 kg 1.4-DCB,, /U for 24816, The
nickel component with a TET of 2711 kg 1.4-DCB kg strongly in-
fluences the TET value. The cobali-based Alloy 21 is at 11,181 kg 1.4-
DB,/ TU and Allov 6 at 12,948 kg 1 4-DCA,./TU. With-a TET of 2292 kg
1,4-DCB kg, the cobult component is almost as important for a high
TET value as nickel.

The casting process is negligible in absolute terms; in relative terms it
accounts for arcund 0.3 %-8.5 % of the total TET for cobali- and nickel-
based materials and therefore only has a minos influence, For the ipon-
based materials with their comparatively very low total TET value, the
relative eontribution of the casting process is high - between 3.8 %
(0.9630) ind 42 % (FelSAICL

A2 Diseuszion on the influence of marerials chemical compositon on the
emvirnnmerital fmpact

As presented in the results, the influence of the alloys” composition
on the environmental impact is evident. It can be seen that Co, Cr and Ni
contribute much to all the impact categories evaluated,

The impact categories GWPL as well as FI do correlate quite well
with the cumulative energy demand CEI, Here, o lower impict of the
casting on the CED compared to GWP100 and FD can be pointed out,
since smelting for casting often is performed vin induction and this re-
duces the CED impact due to the use of renewable electricity [627]. Co-
balt has the largest impact in the mentioned categories. Consequently,
the lower Co content in Alloy 6 (64 wi%) compared to Alloy 21 (47
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witt) leads to lower GWP100, CED as well as FD values, The second
highest impact in these categories |s caused by Cr, which causes around
o quarter of the impact in the respective calegories in the cobale- and
nickel-based materials, where the impact of Cr in the three categories
GWP100, CED and FD is similar to the impact of Co. In the Cr-rich
iron-based alloys Nihard 4 (0.9630) chromium couses over 50 % of
the overall lmpact, despite i low 9wt and I the white cast fran 1.4777
chromium causes over 75 % impact with 30 wi, Other minor constit-
uents do no contribute much. Despite an enecgy-intensive production of
the refrectories, tungsten and molybdenum have comparatively low
contributions to these impact categories. This can be attributed o the
high density and the therefore low volume ratio needed in the U, impact
values that are comparable 1o cobalt ar even higher [19,20]. For the iron
aluminides investigated, the aluminium portion has a higher the impact
than the iron, due to the higher volume of aluminium compared o the
irom at a slightly higher environmental impact per volwme, Furthermonre,
the comparatively high share of Ti in the Fel SAITIB alloy causes a raised
impact in the categories mentioned above [63], Nevertheless, the four
strategies for increased materials efficiency [17] as mentioned above in
the intreduction section are mer using iron aluminides. The light-
weighting of the product is achieved by using aluminium, where the
density {s slgnificantly decreased from approx. 7.8 kpidm® o 6.7
kgrdm” or less. Yield improvements in materials production and
manufacturing are enabled by a reduced casting temperature. The iron
aluminides’ environmental footprints are lower compared 1o Co- and
Ni-based alloys, due to their components’ fower impocts. Given the wear
rates and the caleulsted lifetimes, a more intensive wee and lifetime
extension is achieved and enhanced recycling and revse con be achicved
as well, since cast products ean easily be recyeled,

‘With respect to metal depletion, cobalt depletes most of the sbiotic
resources compared to the other metals used In the alloys assessed. Here,
according to Facjana et al, [1 3], minerals are mostly consumed in the
blasting process and in the gangue, while the mineral use in other pro-
cesaes 5 comparatively negligible. High contributions to metal depletion
are alen associated with nickel, tongsten, and molybdenum, while
alloying with iron, aluminium among others is nearly negligible
compared to cobalt, nickel and the refractory metals. For nickel the
metal depletion impact stems mostly from mining, the use of refractory
during pyrometallurgy, during ore concentrating as well as different
minerals used during electrowinning [64]. For tungsten mostly mining
causes the metal depletion impact [65].

For water depletion, cobalt shows the highest Impact since it is a by-
product of the nickel and copper production and is usually extraced
together with nickel from lateritic depaosits and subjected o thermal
leaching, This is followed by a precipitation process in which impurities
ure separated out. In the subsequent refining process, chemicals are
again used 1o produce either cobalt metal or high-purity cobalt chem-
icals. All these process steps and the chemicals wsed consume large
amounts af water [65], In an example from that source, [n copper-cobalt
mines in the DR Congo, water consumption is around 1000 1% ore o
A0 I/t ore, Ground and surface witers can be affected by railings from
mining and wastewater from processing plants, leading to acidification
and 1oxicity issues. The energy requirement depends on the extraction
and processing and was estimated at 0.4 GJ/t to 1.1 G/t of ore in the
Democratic Republic of Congo in 2010, for example, The site-specific
energy mixn i8 highly variable and strongly influences the product's
carbon footprint. Mickel has the second highest impact, which is caused
by elther the elecirowinning route or the electrolysis and leaching
processes utilised, The iron-based alloys have a significantly lower water
depletion, Here, neither the aluminium production via bawxdte [67], nor
the iron and chromium production with certain flotation  processes
causes high water use [68,60].

The highest terrestrial ecotoxicity is caused by alloying with nickel
and cobalt - here, emissions during mining as well as smelting couses the
maost impacts, Due to the pronounced sensitivity of biota to nickel the
concentration of nickel is eriteal, since it is harmful to groundwater,
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crops and the atmosphere [70], Also, cobalt exhibits scotoxicity when
emitted into soil [71]. Interestingly, chromium and the ather alloying
elements show low ecotoxicity values. Also, depending on the ore in
which nickel is found, it is mined underground, which requires only &
small amount of land, Open-cagt mining (lateritic ores) involves a lirge
direct land use. Renaturation or recultivation is mandatory and is wss-
ally carried oul, One exception is extraction in tropical rainfall regions,
where renaturation is difficult due to poltution, crosion and a lack of
recultivatlon obligations, resulting In contaminated sites [72]. The BBG
report [72] also states that dust emissions and blasting fumes are rele-
vant during opencast mining in dry periods. Flotation wastes with a high
acidification potential and large sludge ponds are produced during
processing, The resulting wastewaters contain dissolved heavy metals
and are seidic. It is alao suspected that pickel mining elose (o forests has
direct (deforestation) and indirect negative effects on local and regional
biodiversity.

Abso, compared (o cobalt and nicked alloys, the human toxicity of iron
based alloys, especially lron aluminides do have an advantage since
alwminium is poarly absorbed by humans [73], Chromium, especially in
its hexavalent form is highly toxic and carcinogenic [74]. Cobalt may
eause cardlomyopathy as well as neurological disepses, whereas nicked is
highly allergenic and may cause lung and puimonary based issues [74].
Refraciories such as tungsien and molybdenum are known 1o be less
critical for human toxicity, where excess of those metaks mostly Jead 10
liver disfunctions [75].

In summary, cobalt, nickel and chromium are the main alloving el-
ements causing the most environmental impact regarding GWP100,
fossil depletion as well as cumulative energy demand. For water
depletion, metal depletion as well as terrestrial ecotoxicity, cobalt,
chromium, and to some extent nlekel, are the most impacting alloying
components utilised in wear protection, whereas other elements such as
Iron, chromium and aluminlum show a significantly lower impact
(mostly factor 5-10) in all impact categories assessed.,

In general, casting contributes an additional impace to all the ma-
terials, which i3 more significant at lower environmeéntal impact mate-
rials, such as iron-based materials (more than the half of the toal impact
of casting), whereas for Co and Ni, only approximately 4 %16 % of the
total impact is observed in the impact categories GWPL00 and FD.,
Similarly, casting only has a minor Influsnce on overall metal depletion
impacts, This can be sttributed to the minor amount of metal which is
oxidised or turned into slag during casting [76].

3.3, Coase studies

The three case studies presented hore show the influence of alloying
concepts on materials’ lifetime as well as the related environmental
impact reduction during the use phase of the wear protection materials.

Case study 1 - feeder plate: For the feeder plates, the calculated
lifetime strongly depends on the temperature of the applicd goods (20 °C
- ambient versus a high temperatore of 5500 °C) as well as on the utilised
material. The lifetimes of these wear protection materials ane given in
Tabic 4, The lifetime of the materials ranges from approximately 2.3 a
{MICFC at the kigh emperature] (o the best ense of approximatelv 14.7 a
{FeAITiB at the high temperature). FeAITiB increases its wear protection
during HT service due to the formation of & protective layer

Table 5
Annual elimare change impact of wear protection materlals considered in case
astudy C51.

Worar Fa0-561 {2025 JORET12

{mechanically mixed layer — MML) [15].

NICrC hias the shorest lifetimes and FeAlTIB has the longest lifetimes
at both room temperature and high temperature; the lifetimes of the
FeCrC material are closer to that of the CoCrW material at room tem-
perature, but almost as low as the NiCrC at the high temperature, The
calculated environmental impacts per year of service of the studied wear
prodection materlals are presented in Toable 5,

Substantial impact reductions can be achieved by changing wear
protection materials and this may contribute 1o lowering the assoclated
scope 3 of a production company, For one fecder at room temperature,
roughly 9 t of C0g.q/a can be saved when using iron aluminide-based
wear prodection instead of CoCrW-based wear protection, Compared
to the Co-based material, the use of Ni-based wear plates can save
approximately 3.5 1 OO /0, and the use of FeCrCalloys 7 1004/, all
of these in one application alone,

Al elevated temperatures, all feeder materdals but the fron alumi-
nides show a decreased lifetime, henoe GWP100 increases for those at
high-temperarure uwse. In contrast, FeAITiB allows an even larger
reduction of the environmental impact per yvear (soope 31 from the GHG
emissions can be pointed out. Compared to a CoCryY benchmark,
Improvement of the wear protection allows for approximately 251
C0apy/8 in avoided GHG emissions by switching to NiCrC wear plates,
for approximately 6.5 1 Ol /a for FelrC plates, and for spproximately
10t Cleyda by applying iron aluminide wear protection (FeAlTiB).

Case study 2 - hot and cold sieves: For the sieves, lifetimes arcund
1 year are calculated, ax presented in Toble 4, Here, the lifetime of the
materials ranges from approximately 0.5 & (CoCr\W at a high tempera-
tisre) o the longest lfetime for FeCrC with approximtely 1 & al high
temperature and approoc 1.3 8 at room temperature. Here, NiCr ex-
hibits an intermediate lfetime ol both temperatures,

The cabrulated environmental impacts per year of service are pre-
sented in Table 6. Based on the lifetimes for case stody 2, materials
applied in the cold sieve can have a significant impact on the GHG
emissions per year in scope 2 and 3 of a production. At room tempera-
ture more than 22 1 of COzeyfa can be saved by implementing sieves
made of MiCrC alloys mther than from CoCrW alloys, Compared to the
Co-based material, the use of FeCrl-based sieves can save over 30 i
Canyd, in one average cold sieve with a throughput of 10,000 t/a.

At elevated temperatures in hot sieves, the achievable impact
reduction is even more significant compared to cold sieves due to the
materials” calculated lifetime, Here, over 58 { COg/a can be saved by
applying iron-based FeCrC compared to cobali-based materials. Roughly
46 t Cypy/a can be saved by implementing nickel-based hot sieves,
Replacing NiCrC-hased hot sieves with FeCrC-based ones can save over
12 £ O04yq/a. Here, also a great potential of savings in the scope 3 - GHG
emissions of a production slte - using cold and hor sieves at a throughpur
of 10,000 t/a can be shown.

3.3.1. Cose study 3 - snter grates

The environmental impect of a sintering plant was estimated for two
iran-based materials, FeCrC and FeAlTiB. Sinter grates bear high loads
and suffer bow lifetimes. Therefore, already small increases of lifetime
have a big impsct. With the wuse of iron aluminides FeAlTiB instead of
white cast iron 1 4777 (FeCrC) the lifetime can be increased by ~ 30 %
from 1 a to 1.3 u The significantly lower environmental impact of
FeAlITiB, combined with its increased lifetime, results in a notable

Table &
Annual climate change lmpact of wear protection materinls considered in case
sy CS2.

Muteral Room (ompeiatung, 20 "C High bempersiene, 550 °C
GWPI00 flog Coi,/a] GWPIO ffg O, a) Miedal i e S s it S
Peire 1AL 41032 GHFI00 ke COui/ Tl P10 [l O/l
FeAlTiH 1125.0 ) Fotre F59 1AL
MiCnT B&EITS HI357 M 1550013, AL D
Colrir 103907 105486 CocrW 3525 BHE3H,5
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Table 7
Environmental impacts of replacing 10 m”grate bar material per venr in cose
study C53. Assumed lifetimes are T & for FeCriC and 1.3 a for FeAITIB.

Maoterfal  GWPIOO [t MIFf WD TET ft o CED
Cithpdn) Cligy fm'/al L il [Gu/al
al IXHB,a) U}
FeCrll [LiFih ] 47,95 el 1 AI296 ELTL 171484
FeAlTil 5249 FeX T WELE  IOITA 150005 7040

reduction In environmental impact when used as slnrer grare material,
a5 assumed in case study 3. The effects of the material change on all
impact caregories considered in this work, assuming the lfetime in-
crease pointed out above and an annual exchange of over 10,000 grate
bars (10 m?) in one plant are presented in Table 7.

For the GWP1O0, 498 t C0a.y/a can be saved when using an iron
aluminide solution compared to grate bars manufactured from FeCrC,
leading to 51.5 % swvings in the scope 2 and 3 GHG emissions of & sinter
plant. Over 42 % of the mineral resources depletion impact {MD) can be
saved when applying the FeAITiR material (27.9 vs, 48.0 1 Cuag/al, and
approc. 55 % of water depletion (WD) can be reduced by this measure.
The numerically highest decrease can be assessed in the TET, where
~4 200 t 1,4 DCBeq/a can be saved by applying the lron aluminide grate
bars instead of the FeCrC solution, Further, the depletion of fossil fuels
{FI¥) ean be reduced over by 50 % from 267 ¢ Oil to ~130 t 0il,, when
using FeAlTiB instead of FeCrC. Also over 60 % of CED can be saved by
this measure,

4. Conclusions

In this work cradle-to-gate lifecycle assessments of different wear
protection materals were conducted. In addition, the raw material
impact as well as the wear resistance of the different materials waos tnken
Into comsideration based on three case studles of heavy industrial wear
applications. The following major conclusions can be drawn.

# Sigmificant differences in the cradle-to-gate environmental impacts
af cast wear protection materials stem from their elemental compo-
sithon. In general, cobali-based materals have the highest environ-
mental footprint, while nickel-based materials show intermediate
impacts and iron-based materials resalt in the lowest environmental
foorprint. Akso, the influence of chromium is significant, depending
on the alloying content.

s lron-based alloys as studied here coused lower greenhouse gas
emissions during production (—57-103 kg Cﬂ_a.,q.-"dm"' or B.4-1381
COyeq/t) compared to the nickel-based (~185-205 €Oy, /dm® or
—20-22 1 Claey/1) and cobali-bised alloys (—318-347 O0geg/dm™ or
~31-40 £ 004/}, and this may well be generally true for similar
allovs. Cleasly, the slloving does make a difference, eg., bower
emissions can be achicved when aluminium is alloyed; higher
emisshong are caused when high amounts of Cr are alloved to iron-
based materials. The fossil depletion waries significantly, where
fron-hased materials show —15-20 g Qil.g/dm”, nickel-hased ma-
terials ~50 kg Oily/dm” and cobalt-based materials roughly 100 kg
Ol dim™, The mineral depletion s represented by metal depletion
was estimated to ~%) kg Cug/dm” (Co-based), 30-50 kg Cigy/dm”
(Ni-based) and <10 kg li.'.u,,q.-"dl:\'lH {Fe-based). Water depletion ranges
from 42 to 52 m*/dm” for cobalt alloys, 8-12 m"/dm” for nickel
alloys and <1.5 m’.-fdm! for iron alloys, For the terrestrial ecotox-
icity, values were esttmated at < 0.5 t 1,4-DCB./dm” (Pe-based),
11-17 ¢ 1,4-DCBy/dm” (Ni-based) and 11-12 t 1,4-DCB/dm” for
cobalt-bised alloys,

= The lowest emissions during production are generated for iron alu-
minide alloys at around 60 COge/dm”, alongside over 90 % of
reduction in the other impact categories evaluated. Here, the

Harald Rojacz

Wear SHO-561 (2025} 205613

influence of light-weighting and the lower footprint of the educts is
significant,

® The three case studies account for @ predicted lifetime based on
actual wear data of the respective alloys ar ambient and elevated
temperatures, They showed that using iron aluminides rather than
cobali-based materlals for high-temperature abrasive wear protec-
tion of feeder plates can save ~10 © C0g/8. By countering crosive
wear on hot sieves with fron-based materials rather than by cobalt-
based materials, an estimated 58 t COg./a can be saved. The ex-
change of grate bar materials in & sintering plant for pig fron can
allow for a large impact reduction, due to the replacement of nearly
10 m® per year of material; when using irom aluminide grage bars
instead of a white cast iron, 500 ¢ COeg/a savings wene estimated,
along with impact reductions in the other impact categories of over
50 %,

In conclusion, this paper clearly demonstrates that the environ-
mental impact of a wear protection solution depends strongly on the
materials used, their performance and the resulting lifetime, As shown in
the selected case studies, extensive impact reductions can be achieved
when using sustainable materials, avolding critical raw materials, with
prolonged lifetimes in the applications presented, [t is further noted that
claddings may help (o decrease the materials use of the high-impact
alloys based on cobalt and nickel, since wear protection is solely
applied in areas where nesded, natead of casting the whole wear
component which requires much higher masses of critical materials.
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Clahling

High tempemmre properises

1. Introduction

ABSTRACGT

Feyl-based bron aluminkles provide notable high-lemperature properties at o comparatively low overull
ecological impact. To improve their wear resisiance, different srengthening strategies are studied for which
FegAl-hased laser claddings (30 av% Al) are alloyed either with 51, C, or T and B, Detalled microstructural
Investigations after |ases metal deposition (LMD inchuling X-ry diffraction (XRD), scanning electron micns
wopy (SEM], energy dispersive X-rny spectroscopy (EDS) and electron backscnner diffraction (EBSD) were
performed. Results show that Si-allsyed claddings are single-phase with equinsxed grains of average sizes from
=350 pm (1 ar% 5i) decreasing with increasing i condent o —50 um at 3 and 5 at.% 51, Contrary, the C-alloyed
claddings nilorstructures are dendritic and ledeburite-dike with pesovakite-1y pe carbicles FeqAlCy o The Ti- and
B-alloyed cladding exhibits finely dispersed TiBy-type precipitations; at low contenis in the sub-mioron range and
misinly prosent ot the groin boundaries, at higher additions are quite barge (3-5 pm) and present within indi-
widual graing. The individual hardphased, o8 quantifisnd vin nonoindentation, of FegAlC type rarhides or Tilly
type borides exhibin avernge hardness values of ~7.5 G and ~ 45,5 Gi'e, respectively, Therofore, the hardness
of G- amed T & !r-p.ilurpd claddings incresses from — 360 HY 10 (FegAll to 405 HY10 (FeqAl plus 5 ar% C1 and b
B0 HV1D (FesAl plus 3 act% amed & ae% 8L The higher hardness of the C-alloyed cladding ssema from the s
higher hardphose content, the mutrix hordness runges between 4 and 5 GPa far all precipliation-strengthensd
claddings. Contrary, the Si-alloyed cladding exhibits a pronounced increase o 5.7 + 0.8 GPa upon adding up
to 5 at% 5. Thus, an overall hardness of =350 HV10 8 quantified on the expense of duetility (relaxarion
vracking after LMD, High-temperature hardness and scratch tests a5 well as wenr investigations prove thai the C
o well @ Ti and B-alloyed claddings are superior o the plain FeyAl and Si-alloyed ones, making them promising
aliematives wo other wenr protection materials based on Co, Ni or Cr.

aret applied [5,12]. Por dense and metallusgically bonded iron aluminide
coatings, selective lser melting (5LM) or laser metal deposition (LMD)

Iron aluminkdes, especially the DOpondersd intermetallic phase
FesAl, provide notsble mechanical strength and corrosion/oxidation
resistapce at high temperatures [1.2]. The comparably low costs, the
broad variety of possible fabrication technigques [1,4], and a low overall
ecologleal footpeintAmpact compared to Ni-, £, af Co-base materials
[5-71 are some of the advaniages of this material system. Furthermore,
their good wear resistance especlally in extreme conditons |s note-
worthy, due o their combination with high temperature stability [5].

Coatings of iron aluminides were applied on manifold substrates and
with different technigues. Thermal spraving such as plasma spraying,
electrle are spraving, high velocity oxy fuel or detonation gun spraying

* Corresponding aulhaor.
E-mail aefebressy boredaeeaiac 2o gl [H. Rejasz ),

Tirpss vl are 10 L0 sisieoad. 2034, 101014

can b used (9], Alu, lwer powder bed fusion was successfully applhied
for B2-structured FesAl alloys [10] as well as laser engineered net
shaping [11].

To incresse the hardness of iron aluminides, different strengthening
mieehanlems are possible. Avcording 1o Deevl [12] four meds alloving
effects are classified: i) precipitation hardening via interstitial elements
such as € and B, ii} solld solution srengthenlng with elemenis that have
larger solubility (Cr, Ni, Co, etc.), iil] formation of binary intermetallic
compounds with elements such as W or Mo, and iv ] formation of ternary
intermetnllic compounds with elements like HE, Zr, Nb, Ti, and Ti. Alsn,
coherent Heusler phases can be used to strengthen fron aluminldes (as

Recelved 4 April 2024; Recelved in revised fisrm 29 May 2024; Accepted 12 Jung 2024

Available ooline 18 June 2024

D257-K972/C 2024 Elsevier BV, All rights are peserved, including those for text and data mining, AL trainbing, and similar technologies,
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shown in LMD specimens) {1 3],

Based on prior findings, carbon is used to precipitate carbides in
Fegal [14]. By alloving of carbon, different carbides are formed,
depending on processing and other alloying elements. At lower Al-
contents perovekite-type carbides of the type Fo;AlC, s are expected o
farm. Also, C-richer FeaAl s a8 well as FegAlC ks formed, as reported in
[15,06]; AlyCa [17) and cementite only play o minor role, Ti and B were
found to form finely dispersed TiB; in the iron aluminide matrix [4,18].
For Silicon, the formation of different Skcomtalning phases, such as
FeahlsSia, FegSi, FeSi is cxpected [19,20].

Changes of the microstructure and corresponding hardness also in-
Muence the wear-behaviour and -resistance of materials [21,22]. As the
here investigated materials are intended for abrasive environments,
geratch testing simulates the interaction with a single abrasive particle
via an indenter that is dragged over the surface at a specific lead,

From the seratch topography, the seratch hardness Hs [23,24] can be
cabculated using Eq. |, where P is the load and w the width of the
remalning seracch at this load, Contrary 1o the quasl-statle hardness
measurement, the scratch hardness involves the response to the dynamic
abrasive load simulated by the scratch,

Bap
e rew

The evaluation of the wear tracks gives also valuable information for
example on the prevailing wear mechanism [25-27] and the critical
loads leading to cracking [28,24],

To develop novel FegAl-based lager claddings with increased per-
formance, e.g., &5 matrix material in wear protective coatings, it is
crucial to increase their hardness. This study shall explore the feasibility
of the different hardening measures, Therefore, the influence of alloving
with €, 8i, as well as combined alloying with Ti and B (through the
addition of titanium an ferroboron) on the hardness, especially at high
temperatures, and the microstructure shall be nvestigated, since there is
a lack of knowledge on laser claddings with soch alloying and the
requlting gap In possible application of sustainable claddings based on
brom aluminides. Currently, bulk material: and clacddings were anly
produced at low alloying amounts. Michaloowa et al. [12], showed the
feasibility of 5 at.% Ti, but only 0.7 at.% in a LMD process; Wang et al.
usedd plasma are welding 1o precipitate - perovskite-type  corbides
FeyAlCy 5 [20], The influence of silicon is enly reported for sintering at Si
amounts up to 11 at.% [11,32], but not for laser cladding of any sort,
Therefore, the development a feasible matrix for laser claddings with
increased hardness and an eventual future addition of hardphases is of
great scientific interest. Thus, a thorough study on processing and the
regulting microstruciure was performed including scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), clectron
backscatver  diffraction (EBSD), X-ray diffraction (XRD), nano-
Indentation as well a5 hot hardness (o show the Influence of present
phases on the overall behaviour. To explore the suitability as wear
protection, the scratch resistance up to 700 “C of selected varianis was
quantified regarding the threshold for beginning chip formation, which
reflescts o wear mechanism change from ploughing (no material
removal] to cutting (materials removal by chip formation),

28]

2. Experimental

2.1, Laser processing and feed stock powder

Laser metal deposition (LMD) with pre-placed powder was per-
formed with a HighLight™ 10000D laser system (Coherent, Inc., USAY at
awavelength of 975 nm. The processing parameters were varied in order
to achieve proper cladding resulis. The used baser system is o direct
diode leser system with a rectangular lens (which different beam sizes
were used ). The energy distribution over width and length Is quire sta-
bie; only the outer 5 % suffer from an intensity decrease,

The feedstock powder wsed for the study is given in Toble 1. As a

Harald Rojacz
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substrate material, a stroctural steel plate (1,0037; DIN EN 10027} with
o thickness of 10 mm was used. This substrate material provides suffi-
cient strength as bage of a laser cladding alongride the benefit of low
alloying. This is crucial te separate the influence of the intended alloying
of the claddings from those of the substrate,

Prior to LMD, all feedstock powder mixtures were mixed manually in
isopropyl aleohal (0.2 g isopropyl alcohol per 1 g powder). After thor
ough mixing, the powder was applied on the sheet metal substrate and
masked 10 3.2 mm thickness. Then the powder bed was dried in a drying
cohinet at 120 °C for 1 ho Subsequently, laser melting was performed at
the chosen parameters described lager,

In arder to achieve the accurate chemical composition, cladding pre-
tests were performed with the “plain” iren aluminide powder mixture
Fe30al (30 at.% Al). aiming on proper cladding parameters and chem-
leal composition keeping melting losses as well as dilution bow. Table 2
summarnises the parameter set for the cladding pre-tests,

Based on this parameter set, different tests were done after cladding -
miadn focus was set on the lowest possible dilution, a erack-free cladding
amd the intended chemical composition. This was done by metallo-
graphic analysis of the specimens, chemical analysis vin EDS, and dye
penetrant testing (ace. [50 3452 with cleaner, penetration dye as well as
developing agent Ardrox @ ¥VF 2 (Chemetall, GER), The parameters
chosen to achieve all desired alloying contents are summarised in

Tabkle 1
Feedstock powder,
Poweder Gimin sixe [pm)]
lroin =90 % pusity ~0i - 45
Alumninisam. =959 s purity, roussded ~G0 - &5
Alumininm + 12 wite Silicon, =99 % purity rosmded 50+ 45
LCarbon (graphioe), 99 % purity k) ]
Tiamnbam =995 % purity, angalarblodked 140 325
Fermoiboman - 20 wi H, 58 % purity, blocked ~ 100 4 335
Table 2
Parnmeter sof for cladding pre-tests,
Paramelcr Varintian mnge
Laser power 4 W -7 W
Lems swstenss {reviangolar besm B F2mm 24 c dmm, 24 = Fmom, 34 = 1
shape) mm
Hefative velocity laser unit 2 mm/s - |2 mmss
Prehesting temperature 1060 - a0 T
Table 3

Parameter sot for pprimised cladding as ased for all ron alumi-
nildes invessiganed.

Parameter et valoe
Lamer power 4.5 kW
Lems systerms 24 « Jmm
edative velocity laser unit 25 mm/s
Prehenting tempemture 400 ¢
Table 4
Wominal chemical composition [ar%] of the ciaddings investigated
Hame Fe al & -] Ti 1]
Fedal L] an - - - -
Fe30aliC L] an 1 = =
Pl 3 67 an a
Fe30AlSC ] an 5
PeBiAl L5 €4 k) 1
Peaialas B k1] 3
Fed0Al55 (4] k1] - 5 .
FERIAIITIZEN BT o - - | 1
Fe30Al2TI48 (] an - - i 4
FeIALETIER L] an + - 1 [
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Fig. 1. Macroscople overview on differently alloyed Fe30Al-based claddings: macro documentation (overview), dye penetration tests (DFT) and microstrac-
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Fig. 2. Verificaticm of chemical compasition and FesAl phase: a) Al content of all claddings, h) 5 and Ti content of the respective claddings.

Tuble 2, A too high laser power led to increased dilution as well as higher
melting losses, especially of oxygen affine elements - at a certain point,
adding more of those elements does not any longer compensate for those
losses. Pre-heating at 400 “C is necessary to prevent cracking and to
achieve a homogenous and even shape of the cladding and o keep the
laser power at low values, The lens system, so the nominal optical shape
of the laser (in this case rectangular), and relative velacity of the laser
unit was chosen to have an optimal melt pool, considering  the
exothermic  reaction  during  the formation of iron  aluminide

Harald Rojacz

intermetallics [1,4].

As a result of the cladding pre-tests, the chemical composition waig in
an error range of 3 % relative error for aluminiom - therefore all further
claddings were performed with this parameter set. The ealculated loser
m&l;g].' density was 28,9 Wa/mm?®, the lager power density 33.75 W/
mm* and interaction time was 0.86 5, assuming the absorption o with
(.54, Thiz leading to an average dilution of —23 %, which was
compensated for inall claddings by taking inte account this dilution of
the original powder composition.
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Fig. 3. 5EM image and electron backscatter diffraction results for FedOAL
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Fig. 4. SEM Images and EBSD phase maps and 1IPFX resulis for C-alloyed Fe30A1 claddings,
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Fig. 5. Microstructural features in dependence of alloying: a) Dendrite arm
spacing and Fes AN, content vs. © content in Fe30AlxC claddings. b grain size
v, Si coment in Pe30AlxSi claddings. o} dendrite arm size and TiBs content in
FeA0AlRTIE = I8 claddings.

Pre-placing the powder s an established technique benefiting small-
scale coating as in research 23], Imperfections such as segregations,
pores, and fusion defects might occur with this method at a higher level
compared 1o the powder-feed LMD [34,05], but were not found fn this
study. For future large-scale production the easier addition and ho-
magenous distribution of hardphases by powder feeding must be taken
into consideration [36],

Harald Rojacz
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2.2 Allrying variants

To show the influence of the alloyving elements carbon and sillcon as
well as the combined influence of titanium and boron, different chem-
ical compositions were chesen. All nominal chemical compositions of
the claddings investigated are given in Table 4

2.3 Microstructural anolysis

After LMD, specimens of each marerial were eut with a lab-scale
cutting machine DiscoTom 100 (Struers AB, DE) at optimised parame-
ters and cooling to svold microstructural changes. Metallographic cross-
sections were prepared of each material to evaluate the material's
microstructure. For {micro-ymechanical testing one face cut (10 mm =
10 mm surface area) and two cross-sections (10 mm = 10 mm, thickness
5 mim ) were prepared out of snch material. The metallographic Gice cuts
were used o perform nanoindentation tests; on the metallographic
cross-sections macre hardness g well a8 microstructural Investigations
were performed. A more detailed description on the metallographic
routine was previously presented in [37]. For X-ray diffraction (XRD),
further specimens with 10 mm « 10 mm weee cut for a sufficient
anitlytical volume.

Microstructural evaluatdons were performed wia light optical mi-
croscopy (LOM - Zebs Imager M2m, Carl Zeiss AG, GER) equipped with
a digital camera, More detailed investigations were done with a cross-
besim Seanning Electron Microscope (SEM, Jeol JIB-4700F Jeol Corp.,
P} eqpuipped with a Bruker X-Flash 630 Energy Dispersive X-ray Spec-
troscopy (EDS) detector as well as a Bruker e-Flash HR Eleciron Back-
scatter Diffraction (EBSD) detector (both Bruker Corp., USA). SEM
imaging and EDS measurements were acquired at 15 kV acceleration
voltage and B beam current of 0.3 nA. EDS measurements for the ex-
amination of the chemical composition were performed at least three
times at an area of ~500 « 400 pm. EBSD measurements were done at
30 kY and &5 mA beam current and a specimen tilting of 700, EBSD
pattems were acquired with 320 = 240 px al an exposure lime of 35 ms,
Depending on the magnification, different spot sizes were chosen to
sulficiently analyse all present phases. Phases were derermined via
Esprit 2.2 software (Bruker Corp., USA) under consideration of different
phases listed in American Mineralogist Crystal Structure Database
{AMSDEF as well a8 The Materials Project [75], As a conplimentary
phase identification, chammcterization was obtained from  Bragg-
Brentano X-ray diffraction (XRD) investigations using an Empyrean
diffractometer with & Cu-Kin source (wavelength - 1,54 A, powered
with 45 kV and 40 mA.

2.4 Hot hardness, high remperature scratch and manoindennarion
ITieAsrE e

The hardness at ambient and elevated temperatures {hot hardness)
was measured with the high temperature harsh environment tibometer
{HT-HETT [39]). Vickers indents with 98.1 N normal load (HY 10} were
made under low vacuum conditions between room temperatire (RT)
and 300 °C every 100 °C (with 5 indentations at each temperature),
Afterwards, the indents were investigated via LOM to measure the
Indentarion sizes,

The same device was used to scratch the polished sample surface
with a Rockwell diamond tip having a dp radius of 200 ym with
increasing loads from 10 N to 100N at temperatuses 200°C, 500 °C, and
7000 "C and a relative velocity of 10 mm/min. Three sceatches per
temperature and material were made. Their evaluation with SEM
allowed 1o determine the critical load where the wear mechanism
changes from ploughing to cutting, thus the threshold for actual material
removal (chip formation). The individual scratch hardness H, was
determined by measuring the width of the scrateh obbvined under a load
of 98.1 N, using eq. 1.

The individual phases within the materials were characterized for

81



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

10
ledge

know

e
1
r

| EN I

Ty

H. Rofacs et al

Surface & Coarirge Techaology 488 (2024) 131014

Fig. 6, SEM images and EBSD results for Si-alloyed Fel0al clodidings,

their indentation hardness and Young's modulus using a Bruker Hysi-
tron triboindenter TI 950 - Performech 1 (Bruker Corpe, USA), cquipped
with & dismond Berkovich indenter. The matrix of the individual ma-
terials was Indented with a peak load of 3000 pN and for smaller pre-
cipitations the peak load was 1000 N, Losding and unloading was
performed for 5 s each and the holding segment at peak load was 2 5. The
load-displacement curves were analysed (o derive indentation hardness
{ratio of peak load and projected area during indentation) as well as
indentation modulas Cafter the Oliver-Pharr method [40]). The obtained
data are based on 50 valid measuring points.

3. Results and discussion

3.1, Laser clodding behoviour end appearance

Cladding pre-tests aimed on lowest dilution as well 15 8 good overall
appearance of the claddings, The dentified parameters worked for all
iron aluminides intended. Fig 1 gives an overview of selected claddings
via macro photography, dye penetration tests to clucidate cracks and
pores as well as eross-sectional LOM images o highlight the micro-
structure and grain structure. For a first analysis, the claddings with the
highest alloying amount each variant were chosen. As seen in the figure,
the claddings” overall appearance is homogenous, where no scales or
adherent slag can be seen. No lack of melting, fusion defects or any other
abnormalities can be found. For all cledding tvpes exeept the Si-alloved
claddings. no cracking could be visualised via dye penetration testing,
anly miner pores can be observed, especially at the ridges of the elad-
dings. The Ti and B-alloyed claddings, as represented by Fe30AISTIGR,
show minor porosities on the claddings surface as well

Comparing the microstrsciures of the different alloys ot & first glance

Harald Rojacz

reveals significant differences. Large columnar graing can be pointed ouw
for Fe30Al, whereas no precipitations or significant inclusion can be
seen &t this magnification. For the carbon alloyed Fesal-based cladding
Fednalse, their dendritic structure and certaln precipitations were
visualised. Equiaxed grains ave formed if 31 is alloyed (Fe30AISSI; bt
no precipitates are visible, indicating that 5i is fully dissolved in the
matrix by forming a solid solution, The Ti and B alloyed sample (ef.
Fe30AITIB) exhibits o dendritic structure with precipitates,

In general, the chosen laser parameters led to the formation of dense
claddings with low dilution and low amounts of surface porosicy. Cnly
forr the Si alloyed cladding cracking could be observed by LOM studies,
The obtained cladding thicknesses were 2.7 + 0.2 mm for Fe304A1 and
2.3 + 0.2 mm for all other eladdings.

The overall chemical composition of the individual phases and the
matrix is obtained by EDS, see 7. Za and b, The determination and
especially the correct quantification of C and B via EDS is questionable
[41], and therefore these are canitted here, The composition range of the
D0y ordered FesAl phise is approx. 24-36 at% {(12-20 wi¥), thus,
covered by all individual claddings investigated. The C-alloyed clad-
dings exhibit slightly lower Al contents and the 5f as well as Ti and B
alloyed ones show slightly higher Al contents than the starting compo-
sition. As intended, the Si as well as Ti and B contents increase with
Increasing addithon of thelr respective poweder contents, 1. Zh,

32 Microstriecural feamires

Microstructural investigations via EBSD prove that the omginal
cladding (without additional alloving) Is solely composed of Fegal,
Fig. 3, in agreement with XRD (XRD plot given in 1795 ) The mean grain
size is 246 + 121 pm, and sub-grains can be seen in the Inverse Pole

82



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

10
ledge

b

now!

]
|
r ki

B 3
You

H. Rigors et ol

[101] [01]

Surfoce & Cootings Techmuology 488 (2024) 131004

Fig, 7. SEM images aml electron backseatier diffraction resuls for Ti and B-aloyed Fe30Al claddings.,

Figure x-direction (IPFX) plots. Sub-graing as well as the grains closer 1o
the surface show increased Grain Average Misorientation (GAM) of —-77,
Indicating a slight distortion of the lattice due to laser processing [12].
Als, a preferred orientation in [001] and [0011] in the majority of the
cladding was measured.

Alloying with C causes the formation of the perovskite-type phase
FegAlCy g within the PezAl matrix, see the EBSD map Fig 4. Clearly, the
FegAlCy 4 phase content increases with increasing C content. This can
also be pointed out with the BSE image, whereas the appearance of a
socond phase increases and exceeds the ratio of the matrix phase ot 5 at.
O

For the 1 at.% C containing clwdding (Fe30AIC), the PeaAlCo e car-
hides are essentially in the inter-dendritic regions (formed by FeqAl).
With Increasing carbon content these dendrites are easier recognized as
such, as the fraction of FeaAlCs ; increases and thereby the separation of
the individual Fe4Al dendrites. Especially for the 3 and 5 at.% C con-
taintng claddings, the inter-dendritic regione have their similrites with
a bedeburite structure as indicated in the SEM images as well. The
preferred orlentation of FesAl remalns berween [001] and [011] as
indicated by the IPFs in Fig. 4. As presented in Fig, Sa, the FesAlCh g
carbide fraction increases negrly lingarly with increasing carbon content

Harald Rojacz

from 154 4+ 3.6 % ar 1 ar% C o 46.8 + 67 % at 5 ar.% C, while the
dendritic arm spacing decreases with increasing C content, from —~35 jm
(1 ar% C) to ~16 pm (5 at.% C). Also, XRD as performed shows the
presence of solely Featl and FesAlCps with no other minor phase
precipitated, which is in correlation with the performed SEM and EBSD
analyses, Fig. o and Py, &

Alloying with 5i does not lead to the formation of a second phase as
seen in the SEM images, but minor oxidie Inclusions can be seen. The
grain size is massively reduced, especially when exceeding 1 at,% 5i,
Fiz. Gb. The grain size with no or 1 at.% 5i is between 200 and 400 pm,
which reduces to 62 4 14 pm for 3 a.% 5i and 44 £ 10 pm for 5 az.% 56,
Contrary to the alloying with 5i, but similar to the results obtained for
the alloying with €. alloying with Ti and B results in the formation of
second-phase pasticles (here of type TiB;), With increasing contents of Ti
and B, also the content of TiBy precipitates increases (details later),
leading to 4.6 + 0.5 % (Fe30A11Ti2B), 10.7 £ 1.2 % (Fe30A12Ti4E), and
121 £ 1.8 % (Fe3DAIITIEN), see Fig Se Inidally, the overall gradn size
of the FeqAl matrix decreases upon the Ti and B addition, to reach &
mebnbmniim of ~ 15 jm for FeR0AIZTIAB, and then slightly increases agaln,

EBSD investigations of the Si-alloved claddings show that their grain
size 15 significantly reduced for Si-addidons above 1 ar% and thar the
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original columnar strecture changes to @8 more equiaved one, Fig. &
Further, the original preferred (001) gradn ordentation (with (011}
contributions} is only presemt for the 1 at% Si containing ene and
changes to random for the 3 and 5 at % Si containing claddings. Com-
plementary XRD measyrements also points out, that solely FesAl s
present, which is in good sccordance with the ternary system Fe-Al-Si
[43].

Corresponding EBSD studies for the Ti ond B-alloyed caddings show
that all of them exhibét a dendrite-hased grain structure, where dendrite
arms of the Fezal-based matrix appear 1o be more equiaxed, Iy 7. Here,
the homogenous greyv-scale of the precipitations in the SEM images
(BSE), lead to the conclusion that solely one phase is precipitated, which
wies confirmed via XRD (Fig. 8) and EBSD, The low alloyed cladding
(Fe30AlLTiZB) exhibits the precipitated TiB; mostly at the matrix grain
boundaries, Anely dispersed, uzually bn the sub-micron range and only 4
fewe larger ones also within the grains.

With increasing contents of Ti and B, nor anly more Tilly precipitates
decarate the grain boundaries, but also larger ones are within the grains,
The larger ones reach sizes of 2-3 pm for FedOAIZTi4B and 3-5 pm for
Fe30AISTIGR, As polnted ouwt by the [PFs, Fle 7, no favoured erystallo-
graphic orientation is present for all Ti and B alloyed claddings. While
the grain size of the Ti- and B-alloyed claddings is smaller than the
original one; no distinet dependence of the grain size on the TiBy fraction
is present, of. Fig. 5S¢
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Fig. 9. Hot hardness deta of all matenals investigaied: a) Fe20Al + C, b)
Fednal < Si, ¢) Fe30Al + TiB;.

KRD-plots of Fedoal as well as the 3 highest alloyed variants
Fed0A15C, Fe30AIS5] and Fe30AL3TiGH are presented in Fig. B, Here, the
phases ag priorly deseribed are confirmed, whereas the probabllity of the
presence of ather phases is quite low, since no additional peaks appear.
Nevertheless, shall be mentioned, that the intensities between the
measurements differ significantly, which leads 1o the different noise
levels as visible in the respective diagrams.
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23 Mechanical propertics

The individual claddings are characterized for the overall hot hard-
ness up to 900 °C, as obtained by HT-HETT, see Fig. 9. The original
Fe30Al cladding shows en initial hardness of 264 = 13 HV10, which
slightly decreases 1o 225 HV10 upon increasing T to 300 C followed by
o plateau up o 500 “C, This conforms to the vield stress or Mow stresses
of several Fe30Al materials as presented im [15,44-40]). Exceeding
500 “C, the hardness decreases with a steeper slope to reach 97 4 15
HV10 at 900 °C, which is caised by the transition of FesAl o FeAl at
=550 "C [47].

By adding C, the changed microstructure with additional FeAlt, o
citrbides cause the hardness 1o increass from 264 = 13 HV10 (Fe30Al) w
even 405 £ 8 HV10 (Fe30AISC). The higher the C content and the RT
hardness, the more pronounced i the hardness decrease with Increasing
temperature. For T = 700 “C, the C-alloyed claddings and the original
one exhibit almost the same hardness of ~ 140 HV10 [5,48]. For higher
temperatures, the original FeddAl cladding is even harder than the C-
alloyed ones, which show comparable values, Fig, Ba. This origins from

Harald Rojacz

the high stability of the perovskite-type carbides up to raaghly 800 C,
Excecding that temperature a transition occurs, where the selubility of
carbon in the FegAl phase decreases, as indicazed in [15], This may be
the explanation for the low hardness over B0 °C, where the strength-
ening effect of the carbon in the FegAl is obstructed.

Alss, the Si-alloved claddings experience an inerense of their AT
hardness with increasing alloying content, to reach 366 £ & HVIO for
Fe30AISSi, Fiy 9b, Their hardmess decline with increasing temperature
i5 lets pronounced as for the C-alloyved ones, At 700 C, the Si-richer ones
are still harder than Fe30AL with 215 £ 2 HV10 for Fe30A1354 and 248
+ T HVLQ for Fed0ALSSE AT 900 *C, only Fe30AISSI is =till as hard as
Fed0Al, whereas the other 2 Sl-containing claddings are safier, The
owerall (wp 1o 800 “C) better hot temperature hardness behaviour of the
5i alloyed claddings is based on the additional solid solution strength-
ening - & forms a solid golution with FeAl where up to 27 at_% can be
dissolved at 900 “C [20,49]. However, the more pronounced decline
upon increasing the temperature beyond 600 °C can be rationalized by
the suspected more pronounced increasing grain size and recovery
PriseEsses,
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As presented in Fig e, alloying with Ti and B also causes the
hardness to significantly increase to 360 4+ 17 HVI0 for FeX0AIITIBE.
The microstructural investigations suggest that the major hardening
mechanisms are based on precipltadon and graln  refinement,
Fe30AIZTiAR and Fe30AIZTIGN can even retain their BT hardness up o
400 “C. For higher temperature, the hardness declines with a steeper
slope than for Fe30AL At BOD “C, the Ti and B alloyed ones and Fe30al
show nearly the same hardness. Again, at 900 “C, the original Fe30Al
cladding is slightly harder than the alloyed ones.

Nanaindentation of the incivicdual phases within the microstructures
allows to guantify their individual hardness and Young’s modulus.
Fig. 10 shows these values, where the box indicates the quantiles, the
median value i the line in the box, and the mean value is the square
within the bow. The hardness variation of the matrix within the indi-
vidual claddings ks presented In Pl 100 Estentally, except for the
higher Si-containing chuddings, the hardness of the matrix i similar with
values (4.5 GPa) scattering only within the error-bars. This is in
agreement with the microstructural investigations, showing that for the
Si-alloyed claddings no second phase is present, Thus, the additional 5i
is essentially soluted, contributing to solid selution hardening, resulting
In even 5.7 £ 0.7GPa for Fe30AISSL The hard phases within the sther
clyddings, C- as well as Ti and B alloyed ones, exhibit —7.5 GPa
{FeyAlly -tvpe) and even ~45.5 GPa (TiBs-type), Fig. 10b, These phases
seem o be slightly softer within the lowest alloyed claddings, but there,
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the nanoindentation results might be influenced by the softer matrix, as
the corresponding carhides and borides are much smaller,

The Young's moduli of the matrix, Fig. 10c, do nol vary that much as
the hardness, aleo not for the Si-alloyed cladding. The FegAl cladding
iself (FeaDAl) shows a mean Young's modulus of 2259 GPa. The
slightly higher value for the highest C-alloved cladding might be influ-
enced by the significant fraction of additional carbide phases, which
themselves have a higher modulus of around 262.3 GPa (as obtained for
FeZ0AISC), see Fiz. L0d. The matrix of the Si-alloved claddings {which
actually do not exhibll another phase) provides Young's modull of
around 235 GPa. Contrary, the matrix of the Ti and B alloyed claddings
{which do exhibit an increasing fraction of TiBy-type precipitates with
increasing Ti and B content) exhibits Young's maoduli of arownd 230 GPa,
The TiBs-type precipitates themselves have a Young's modulus of ~550
GPa, Fip. 10d. All Young's moduli and hardness values measured, do lie
ini the typical ranges of the respective phases [1,50-53].

2.4, Scrotch hardness and scratch behowviowr

Scratch experiments on the individual claddings, also at various
temperatures (BT, 500 and 700 “C} in ambdent atmosphere, allowed o
extract the scratch hardness as well as threshold load for instable wear
behaviour (indicating beginning chip formation), ¥iz. |1,

Contrary to the overall hardness of the claddings, which is similar ar
RT fur the highest individual alloying contents (350-400 HV10), their
scratch hardness is different and much higher than that of the unalloyed
Fe30AL Fly [la. The highest Ti and B alloyed eladding (Fe30AI3TiAE)
features the highest RT scratch hardness of 7.4 = 0.4 GPa, being much
above the 4.3 + 0.3 GPa for Fe30AISSI and the 3.5 = 0.1 GFa for
Fed0AISE, afl of which are distinctively above the 1.7 & 0.05 GPa for
Fed0AL At 500 °C, Fe3DAIZTI6R and Fe30Al still provide their RT
values, but the scratch hardness of Fe30AI551 and Fe30AISC declined o
32 + 0.3 GPa and 2.3 £ 0.1 GPa, respectively. A1 700 °C, also
Fe30AI3TIGR and Fe30Al show lower scratch hardnoss than at room
temperature, but with 5% 4 L7 GPa, Fe30AISTIGR provides still a
higher seratch hardness than any other clsdding even at RT.

The threshold load for the onset of chip formation during these
seratch experiments, whieh indicates the onset of active material
removal through chip formation on the ridges of the scratch, is highest
for the Si-alloyed cladding Fe30AL55i and lowest for Fe30AL Fig 11h.
Thee threshaold load valuwe represents the threshold between ploughing o
cutting [54]. Especially the values st room temperature are much higher
for the alloyed eladdings than for Fe30Al, with even 90.2 + 1.8 N for
FedDAlSS, 85.6 + 24 N for Fe30AIITIOR, and 520 + 3.1 N for
FeZ0AISC. At 500 °C the individual alloyed claddings provide compa-
rable threshald boad values in the range 44.2-50.3 N (still much above
the —22.3 N for Fe30Al) while ar 700 °C all claddings behave similarly
with values between 20.2 and 27.6 N.

The corresponding SEM images of the seratches within the incivichaal
cloddings, Fig. 12, aliow to extract further information on the ongoing
wear mechanisms, such as whether there is a more ductile or brittie
behaviour, Fe30Al provides a stable behaviour al RT due fo its rather
high ductility [Z]. With increasing temperature, the decreasing hardness
causes materin] displacement w the ridges, which leads to an unstable
wear behaviour, especially noticeable at 700 *C. The C-alloved cladding,
Fe30AISC, also provides & stabie behaviour at RT and due to its
Increased seratch resistance even at 500 'C, Material displacement
causing minterial buildups within the scragch is little even at 700 °C,
Conerary, the Si-alloyed cladding Fea0AlSST exhibits many cracks within
the scrateh up to 500 °C, Here, the solid solution strengthening with 5§
leads to a brittle scratch response.

The other claddings still have the softer matrix phase present next to
the FeaAlCq p-typee carbides or Tiliz-type diborides. The scratch features
at 700 °C indicate that now the behaviour is more like that of a ductile
material, very similar to those of Fe30Al and Fe30A15C, suggesting that
betweens 500 and 700 “C there is a britthe-to-<ductile transition for
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Fig: 12. SEM images of the scratch surlaoes a1 the threshold boads for beginning chip formation of Fe30Al and thelr alloys with the highess alloying contents a1 moom

temperature, 500, and 700 °C (scale bar effective for all images).

Fe30Aal58i Corresponsding to the microstructure, the cladding Fe3Dal-
Tibk exhibits signs of brittle and ductile behaviowr within the scratches,
actually not oo different for the individual emperatures (although s
significantly redueed toads for higher temperatures), In general can be
said, that the ongoing wear mechanisms below the threshold load is
dominated by ploughing, whereas above that load cutting and/or at
least chip formation and massive displacement of material onto the
ridges can be seen, Also, the influence of temperature and the present
phases cannot be neglected as previousy indicated for scratch testing
[55,50]. Here, for the Featwl cladding be seen, that the instable scratch
behavieur concomltants significant materials overlaps and materlals
displacement at 700 “C caused by the presence of the weaker FeAl phase
instead of FesAl when exceeding 550 "C [47]. For the perovskite-type
carblde-rich Fe30AISC similar behaviour at all wested remperatures ean
be pointed out, Here, the softening of the FesAl is not as pronounced,
since FegAlCy 5 is the dominant phase, which is stable up to BOO “C[15].
Due to the brittle behaviour of FeyAl when adding 5, Fe30AIS is prone
o cracking as madn wear mechanism at room temperanere, At 500 °C
ploughing can be seen, with slight amounts of materials displacerment
anto the ridges. Cutting only occurs at 700 °C, where the strengthened
FegAl phase has its limits (as shown in the hot hardness evalustions),
The TiB: precipitations does lead to a high scratch hardness and high
threshold loads, bat leads o unstable scrateh behaviour, Here, the
hardphases lead 1o inhomogenous scrateh behaviour, since the matrix
can be cut/ploughed quite easily, but the hardphases remain tough and
the displacement of the hardphases lead o increased wear, which gets
worse with increasing temperature due to matrix softening [55,560].

4. Discussion on microstructure — property relationships

As previously presented, the cladding's microstructure strangly in-
fleences the material's properties, where some remarks shall be dis-
cussed in this section, Fig 12 graphically summarises different
Influences of material's microstrucneral features and property relations.
Fig. 13 shows the dependence of the bardness at 20 °C, 500 "C, and
F00 “C on the phase respectively alloying content for the individual
claddings investigated. This shows clealy that especlally the room
temperature hardness values increase with increasing alloying and
hardphases content.

The individual increase is less pronounced at higher temperatures,

Harald Rojacz

cxeept for the Si-alloved cladding. The latter exhibits a steep increase in
hardness with increasing 5 content, where no additional phase could be
detected. Thus, the major strengthening mechanism s solid solution
strengthening, being relevant also at higher temperatures. Nevertheless,
cracking of these alloys during welding as well as during scratch tests
limit their potential application as wear protection coatings.

The hardness of the C alloved claddings, Fe30ALeC, strongly depends
on the additional content of FepAlCy, carbides, which are needed 1w
excesd —15 % for @ noticeable hardness increase at RT, due 1o their
comparatively low hardness. The significant softening of the Fegtl
matrix for temperatures =500 “C [4,5,57], see g 4, causes a significant
reduction of the mechanical backup for the hardphases [5,29] and
therefore, the strengthening effect with increasing hardphase content
also diminishes at higher temperatures, Due to the high hardness of the
TiBa-type diboride phase (—45.5 GPa, Fin. 10b), already with lower
contents a pronounced increase in hardness is obtained for the Ti and B
alluyed claddings. Also the thermally-induced decling in strengthesing -
with increasing phase content — is less pronounced than for the C alloyed
claddings.

Since hardness and scratch hardness are relevant indicators for the
abrasiom behaviour of materials [58], a correlation of both hardness
types is given in Fip. 13 Although both are measures for the resistance
v indentation, in the seratch expesiment ploughing of the material plays
o dominant rofe, while in indentation it is quasistatic plastic deforma-
tlon. Monetheless, as expected, the scratch hardness correlates with the
Vickers hardness, but the present hacd phases have a more significant
influence on the scraich hardness. Fe30Al shows low values of both
hardness types, whereas the precipitation of carbides (FeyAlC, o) helps
o increase the scratch hardness, Despite the highest Vickers harciness of
Fe20AISC, a comparatively low scratch hardness was quantified. This
can be attributed o the comparatively low hardness of the FesAlCy
carbides, being in the range 7-8 GPa, Solid selution strengthening with
Si (Fe30AI55E) leads to sceatch hardness values of 2-3.5 GPa above those
of Fe30AL The maost significant increase |n scraich hardness was ach-
ieved by alloying with Ti amd B; here, the precipitation of TiBa-type
diborides can help to increase the scratch hardness by the combination
of ks high phase hardness (—45.5 GPa, Fig, 11D} and fne dizpersion
throughout the Featl matrix,

The threshold load for chip formation increases with increasing
hardaess as shown in Py | e, Below a seratch hardness of 300 HVI0 the
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threshald load rlses from 20 N o —40 N for all claddings investigated.
Beyond 300 HV1(, the Fe3DAIITION and Fe30AlSSi claddings show o
significant Increase in the threshold load to ~85 N with a further in-
crease to 350 HV10. Contrary, the Fe30AI5C exhibite only a minor in-
crease in threshold load to —50 N upon an increase in scratch hardness
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1o even 400 HY10. These individually highest valuwes are the BT values,

In general, it was found that FesAl provides a stable matrix for HT
wear protection materials in order o support precipitated hardphases
such as TiBs-type diborides or FeaAlCy, s perovskite-type carbides up to
~&00 "C. Due to their high hardness, thelr high serasch herdness, and
their comparatively stable scraich behaviour, these Ti and B- as well as
C-alloved FegAl-based claddings are promising candidates for high
teEmperature wear protection materials (claddings) with the advantage
of a lower ecological impact compared to Cr-alloyed materials [5]. The
lower ecological impact can be deduced from the materials origin.
Compared 1o Cr, which s extracted via a carbon and heavy industrey
intense rowte and brought into a ferroalloy (FeCrl [59], Al is obtained
from bauxite and an electrical route (fused salt electrolyse), which has
lower ecodogical impact [50]. Further, the emisions of Al are less
harmful than Cr emissions during production, leading to an overall
lwer ecological footprint, especially when compared 1o Co- and Ni-
based alloys [51].

5. Summary and conclusions

The niced for alternatives to wear-resistant materials based on Ni, Co,
and Cr, which are more eost-effective and leave a smaller ecologleal
footprint, has prompted vs to investigote the hoardening and wear
resistance potential (even at elevated temperamires) of PesAl-hased
materials. By laser processing with a high-power diode luser [energy
density of 28.9 Ws/mm?), crack-frec, dense and homogeneous iron
aluminide claddings with the targeted D0, ordered FesAl phase were
produced using an Fe—Al povder mixture with 30 at% AL The slightly
higher Al content of the powder is necessary o compensate for losses
during processing. This plain FesAl-based cladding has an overall
hiardness of —360 HV10 at room temperature [—4.2 GPa when analysing
the individual elongated FesAl grains by nancindentation), which
rapidly decreases 1o —100 HV10 at 900 “C when the temperatire is
imereased above 300 °C.

Improved claddings have been developed from powders mixved with
U b 5 880 C, 8¢ 5 al.% 5, or 3 a0.% comblned with 6 aL% B, The Si-
alloyed claddings remained single-phase of FegAl-type, but with a pro-
nounced change in grain shape and size from elongated (elongated
grains with an average kength-to-width ratio of 600-1000 pm-to-100-
200 pm) to equiaxed ~44 = 10 pm for the 5 at. Si-alloyed one. The total
RT hardness increases almost linearly with the Si content o —360 HY10
{~5.6 GPa when analysing the individual equiaxed Si-containing Fegal
grains by nanoindentation). However, the brittie behaviour (with cracks
alreacly present immediately after processingl and the high transition
temperature from brittle to ductile {between 600 and 700 “C) lead o
erachks forming easily in scratch rests ar BT and 500 "C. Only at 700 °C
does cracking decrease drastically, but there also the wotal hardness
decreased to 248 + 7 HV10 (for the 5 at.% Si-alloyed claddingh

The C- and Ti & B-alloyed claddings offer improved scratch and wear
resistance, mainly due to their microstructure consisting of dendritically
shaped FesAl matrix grains and FeyAlC, ,, carbides and TiBy borides,
respectively. Their FeaAl matrix graing have a similar nancindentation
‘hardness of ~4.2 GPa o that of the plain FesAl cladding. However, the
hardphases [~7.6 GPa for the FesAlC, 4 -type carbides and —~ 46 GPa for
the TiBg-type borides) allow tatal hardness values of even 405 = 8 HV10
and 360 = 17 HV10 for the 5 a.% C- and 3 at, Ti and 6 at.% B-alloyed
claddings. The higher total hardness of the C-alloyed claddings results
frem the much higher volume fraction of carbides, which reaches almost
50 % at 5 at.% C. In contrast, the TiBy-type boride phase fraction in the 3
al % Ti & 6 at% B alloved claddings only reaches —12 %,

Based on our investigations, we can conclude that C- and Ti and B-
alloyed FegAl-based iron aluminides can be convenlently produced by
lager cladding as erack-free, dende and homogeneous coatings with tetal
hardness values of ~ 405 HV10 and ~ 360 HV10, respectivelv. Not only
their BT and HT hardness is superior to that of plain FeaAl claddings, bui
also their performance in HT scratch and wear tests, with less impact on
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ARSTRACT

Serengthened iron-aluminides (FegAl-basod) show notable mechinical properiios nbongalde good seraich hardness up o G060 G To investignie the influenee of
llrr_n;tllcu.lng wsechanlsmd for altemative high-temperatioe wear reéslstant malerinls, lnser meial lepaiied Hl.ll.!!.ll Isased o Fe witl S0 an, % AL were studied in deall,
Adter cladding the Fedaal bose materinl end jis alloys - with either 5§ al% 8, 5 a0% C or 3 a1% T combloed with 6 a0 % 0 - thorough irvestigations by scannding
eleciten microscopy, elecirn hackscatier diffmetion, nanolndeniation, ot hordness measuroments, and high tempemiure scraich imis wore performed,

Al alloyed FegAl-baved clndiflings show incroased strengeh, The highest overnl] hardness of 405 HV10 exhibits the corbon-alloyed one containing a high frction
il g1y o cortiiddies, Contrary, the T1 4 B alloyed o well o the Si-alloyed claddings are suparion with their seratch hardness (especindly o elevited emperatures),
terough ihe formation of Til; preciplinies and prosousced solld solutbon strengihendng, respectively, Wear iesis revenl decrensing weor roies with Inereasing test
temporaiures {From 20 w0 800 w0 700 °C) for all alloyed FegAl-based claddings due 1o the formation of ahrsive-containing mechanically mixed layem, Contrary, the
reference cladding, cobals-based Stellive 28, exhibio noe only o higher wenr rte bui olso Increased ames upon increasing the test emperaiure, Detalled lnyestigations
show that the seratch hardness correlates with the wear reslstance aned that the incorporntion of sbraslve maderial Into the wear-induced lormation of mechanically
mixed layers i highly beneficial. Due 1o this seli-protection eifect, the proadsing overal] high emperaiure belhavious, combined with the alloying eoneepe (no Co, NI,
wr G}, these alloyed FegAl-basesd claddings are promising condicdates for sustainable wear protection outperforming currently wied wear protection salutbons
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1. Introsduction

Iron-aluminides, especially those based on the ordersd intermetallic
phases FeAl (B2 ordered) and FesAl (D0 ordered), exhibis high me-
chanlenl stability 08 well as oxidation/cermsion reslstance ot high
temperatures [ 1,2], The broad varety of possible fabrication techniques
wuch ns coating, thermal spraying ae well as laser melting s ansther
mijor advantoge of these alloys [ 5], Punthermore, varlows e cycle
nddessmantE attest theim comparntively low ecologlesl impacts compaied
1 M-, Ore, or Co-hase materials (58], They also showed good wear
resisinnee combined with good high temperaiare (HT) siability [G],

Contings of iron-aluminides ean be applied on different substrates
and with different techniques [79,14). For dense and metanllurgically
bondesd (rom-aluminide contings laser metnl deposivion (LMD) con e
used [10,11], Also, laser power bed fusion can be applied for FesAl al-
boys [12) an well na laser engineered net shaplng [10], shawkng e
principal feasibility of laser-based processing for lron aluminides,

In general, different strengthening mechanlsma can be used to in-
croase hordness wnd strength [ 14], whereas four maln alloving effocts
can be classified: 1) preclpliotion hardening through carbides and be-
rigbes, 1) solid solutlon strengthening (substitutionnd Ie Cr, NI, Co, but

wlen interstitinls like ©3, () formation of bMoary ntermetallic com-
pounds with elemenis such an W or Mo, and Iv) lormation of temary
Intermetsllic compounds with elements lke HE, Zr, Nb, TI, and Ta. As
shown In [15), 0 hardness inerease (also hot hardness [ncrease) along-
#de good seratch reskstunce at higher tempernture wils achieved by solid
selgtion hardening via silicon as well as by carbides (FeyAlC, g or b-
tomium borldes of the tvps Tilly,

The good HT stability of strengthened claddings, as shown i [ 15],
aind the beneficinl behaviour of similar casted iron-aluminides [5] lesd
1o high expectations for FegAl-based clidcings an o possible replacemient
of Ni—Cr and Co-rich HT wear protection alloys, especially when ndding
additional hardphuses, In genecal, iron-sluminide costings are predes-
tined as materials for 1T applicattons [149] as well as o matrix for wear
pristection selutiong, g 05 a more sustainable binder for cemenied
curbides [10], Different positive effects when usng iron-asluminides for
wier profection were reported, After thismmal oxlditbon, the fonmmtlon
of an A0y seale was found, which con be beneficial n sliding wear
applientbons [17], Earler works show promising resilts for HT abragbon
up b 2500°C [10], ncrensed wear reslstanee wp o 700 °C con be pobnied
out for PFeAl WE, FeAlTilk; as well as FeAl TiC composites manufueoured
by wre melting or mele infileration | 191, Also, o decrensing erosfon and
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wiar rate was observed with increasing temperature simillar as reported
in [6]). Due to their high brittle to ductile transition temperature,
strengthened iron-alominides show a high scratch stability, specifically
for the C and Ti + B alloyed materials [15].

The developinent of novel FesAl-based laser eladdings with increased
hardness and scratch resistince as matrix material in wear protective
coatings ks of great scientific and industrial interest, since lower ecologieal
footprint of materials sodutions increase the sustainability of machinery
and equipment [20]. Due to their notable scratch resistance at higher
temperatures [15], they are predestined as wear protection in abrasive
environment, which shall be proven within this study, Possible applica-
tiofs as wear profection against HT abrasion are in the heavy ndustry
{wear protection in materials handling, o.g. for stags, ores), the cement
inchustry, or mining and related processing aggregates: Therefore, three
different Fesal-based alloving concepts with incressed HT hardness and
wear resistance (alloys with €, S s well as Ti + B} are investigated
regarding their HT abeasion behaviour and are compared to Stellite 21
material featuring comparable hardness levels [21,22], The influence of
the cladding’s microstructural features and the resuliing mechanical HT
propertics, such as herdness and scratch hordness on the abrasion resis-
mnce up o 700 C are elucidated. Thus, & thorough study on micro-
structure evolution and its fmpuet on the abrasive wear resistance wiss
conducted including scanning electron microscopy (SEM], encrgy disper-
sive spectroscopy (EDS), and electron backscatter diffraction [EBSD),
alongside hot hardness and high temperature seratch tests. The influence
of the phases present in the induvial claddings on thelr wear bahaviour
was discussed based on a modifiecd ASTM G605 test, enabling HT wear
chixracterization up 10 700 “C in high-temperature high-siress abrasion
conditions due to the substitition of the rubber wheel with a steel wheel
suitable for HT testing [22].

2. Experimental
2.1. Marerials & [aser metal deposition

Based on our earlier study [15], we selected the Fe30Al base and its
three alloys with either 5 at.% C, 3 at.% Ti combined with & ai.% B (Ti +
B allayed), and 5 at.% Si. The G and Ti + B alloys mainly exhibit pre-
cipitation hardening while 8i mainly results in solid selution hardening
{combined with grain refinement ). The individual characterizations are
referenced to those of Stellite 21, The chemical composition of all
claddings investigated is provided In Table 1.

The various materials were prepared by lser cladding (laser metal
deposition - LMD} with a HighLight™ 100000 laser system {Coherent,
Ine., USA) with optimized parameters reported in [15] Qisted in Table 2),
being a thorough study of the processing of iron-aluminide claddings. The
feedatnck  powders  (lron,  alominiem,  aliminiom-slicon,  carbon
{graphite), titanium as well as ferroboron with & purity =99 %) b o
particle size berween 45 and 325 pm. These were blended manually in
isopropyl aloohol (0.2 g sopropylic alcohol per 1 g powder), applied on &
10 mm thick sheet metal substrate (low-alloyed steel 1.0037 or S235JR)
and masked 1o 3.2 mm thickness, After these tracks dried, they were pre-
heated and laser melted with the parameters summarised in Tohle 2

The main focus was set ona low dilution with the substrate, erack.free
claddings, and a proper chemical composition. The selected parameters

Table 1
Nominal chemical comprsition [at.%] of the claddings investigated.
Mame Fe Al c 5 Tl B
Fiednal m k1] - - -
Feld0AlRC L] oo ]
FeldQAI58E ] 0 -]
Fel0AlITIGE il 40 - - ] I
Mame Ca ir Mo i Fe Cnhers
Seelline 21 LA n 55 3 1 0 25% C, 1 ' 5i
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Tahle 2

Laser metal deposition parameters for eptimized cladding.
Parameier Ser value
Laser porer 45 kW
Laser spot stee 24« Fmm
Soan sperd A5 mmys
Prehieating temperature A0 C

Laser energy density {calcolaned) 28.% Wa/mm™

led 1o an average diluton of —23 %, which was compensated for all
claddings by starting with & richer powder composition. The optimized
procedure, reported in more detadl In [15], allows for claddings with an
error in the targeted Al content of <3 al%. The substrate material was
chosen to prevent excessive dilution of other chemical elements than Fe
into the claddings (low amounts of 5i, C and Mn) This material is
commonly used as & substrate material, where tensile strength of ~500
MPa and the hardness of ~210 HV10 provide sufficient mechandcal
backup and no significant influence of the substrate on the cladding's
microstructure, present phases and thus the wear behaviour can be ex-
pected. Further shall be mentioned that the pre-placed powder method for
laser cladding does have ite drawbacks compared to powder-feed LMD in
termms of cladding quality and especially regarding future large-scale pro-
duction [24]. A way to an efficient full-scale production of these claddings
can be achleved by producing powders with the respective chemical
compasition either by mechanical alloving or powader atomisation [25,20]
amd cladding of these powders vin powder-fed LMD [27] or combined
powder and wire feeding LMD [28]) with similar, but for the process
optimized laser parameter. Anyhow, due to the novelty of the materials
and the resulting unavailability of powders with the respective chemical
compaosition, the easier additon and homogenous diswibution of the
powders used for the claddings favoured the preplaced powder method.
This established technique is especially beneficial for small-scale coating
a5 used in research [249 30].

2.2, Microstruciiral analysls

After LMD and after wear testing, cross-sections of each material were
prepared with a labscale cutting machine for metallographic sample
preparations [embedding, grinding, polishing). A detailed description on
the metallographic routine s glven in (711 Microstructural eviduations
were performed via scanning electron microscopy in the cross-beam SEM
Jepl JIB-4700F (Jeol Corg, JP) equipped with a Bruker X-Flash 6]30 EDS
detector (Bruker Corp., USAY, A Bruker e-Flash HR EBSD detector (Bruker
Caorp., USA] was utilised for electron backscatter diffraction meastre-
ments, which were done ag 30 kY scceleration voltage and 6.5 nA beam
current under & specimen tilting of 70°. The EBSD patterns wene acguired
with 320 =« 240 px at an exposure time of 35 ma, Depending on the
magnification, different spot sizes were chosen to sufficiently anabyse all
phases present. The individual phases were identified with the Esprig 2.2
software under consideration of different phases listed in American
Mineralogist Cryveal Soructure Database (AMSDE) as well as The Materigls
Project [52). All present phases quantified via EBSD were previouwsly
canfirmed vin X-ray diffraction in [15].

After testing, metallographic eross-sections were prepared of the wear
scars in order to analyse microstructural changes, surface layer formation
a5 well as hardness changes, Therefore, SEM (Jeol JSM IT-500 LV, Jeod
Carp., JP) equipped with a Bruker X-Flash 6[30 EDS detector (Bruker
Corp., USA) was used for overview images of the wear tracks and cross-
sectional analyses on ongoing wear mechanisms, The §i content of the
worn surface, representative for the incorporation of abrasive material,
wiss detected for each sample in a reglon of interest (ROD of 3 « 4 mm®.
These data were corrected [normalized to the as-cladded specimen) for the
Sl-alloyed claddings. To obtaln more comprehensive information about
the angoing deformation mechonisms, selected samples were cross-
sectionally investigated by EBSD. The pattern gquality (PO Images),
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inverse pele figure (IPF) plets, a5 well as grain averige misorientation
{GAM) plots were used to describe the respective mictostructural changes
below the womn surface down 1o a depth of 100 pm. These cross-sections
{below the wom surface) were additionally charcterized for their
hasdness-depih profiles uslng mancdndentation, see next paragraph.

2.3 Hot hardness, high temperature scramch hordness and
memasimedestenton

Hot hardness as well as the seeatch stability of the individual elad-
dings at ambient and elevated temperaiures was quantified with the
high temperature harsh environment tribomerer test (HT-HETT [321]).
More detailed information on the indentation modulus (E) and hardness
(H} of the various phases present in the claddings was obtained through
namsaindentation using a Bruker Hysitron Triboindenter T1 950 (Bruker
Corp., USA). The chosen peak load was 2500 pi with holding time of 2 5.
Leading and unloading was conduseted in 5 s each. A detalled description
of the procedure was provided in [15].

The tribologically affected zones below the worn surfaces were also
characterized through hardness-depth profiles with the same nano-
indenter. At the metallographically prepared cross-sections nano-
Indentations were performed down to 8 depth of 100 jim from the worm
surface, in steps of 5 pm with at least 10 indents per measurament point.
Data for the iron aluminides wene taken from [15], data for Seeilite 21
wias idded in this study.

24, High-termperature abrasion teses

To simulate high-stress abrasion at HT, relevant for the intended
application of the claddings e.g. as wear protection in materials handling
in the heavy industry [34] and cement industry [35], 8 HT sbrasion test
as developed at AC™T was used. Since temperatures up to 700 € occur,
e.g. during handling of hot slag or in HT processing, temperatures were
chosen accordingly. Therefore, high temperature abrasion tests were
performed with the HT continuous abrasion test (HT-CAT), a modified
dry-sand /wheel test similar to ASTM G465, where the cladding-sample is
pressed against a rotating steel wheel (manensitic wear-resistant steel
Hardox 400 — 360 + 12 HV10) with 45 N through a cantilever system.
The steel wheel counterbody and test load were chosen o entail high-
stress abrasion in the contact at all test temperatures, ie. breaking of
the abrasive particles in the contact zone is intended. In this three-body
regling, the counterbody never comes in divect contset with the (heated)
specimen, and the whole load is transferred via the abrasive particles in

Serfade & Comtingl Technnlogy 496 (H25) 121585

the contact zone, The steel wheel's wear was investigated in [23],
showing abrasion of the wheel as well as abrasion particles stuck in the
surfsce. Since the lack of contact between specimen and wheel, the
wheel plays a subordinate role in this study. To achieve three-body
abraglon, abrasive media {standard Oittawa silica sand, sccording 1o
ASTM G55, with a grain size of 212-300 pm) is continuowsly added with
at  flow rate of 180 g/min between the specimen and the steel wheel.
With this counterbody-load combination, high-stress abrasion with 65 %
abrasion breakage is achieved, leading to intermediate harsh sbrasion
conditlons, as polnted out within a study an load influence on abrasion
and abrasion breakage within this test device [36], The load chosen for
thiz study is based on a compromise between the severity of wear and
the good comrelation between ongoing wear mechanisms and the extent
of & eventually formed MML via performed Failure analyses in different
high-stress applications such ag in materials handling in the heavy In-
dustry by the authors, The relative velocity between sample and wheel
was 1 m/s, based on the respective intended applications, where the
relative velocity in materinls handling via excavation shovels or in
cement mills is in the same order of magnitude. The total distance was
600 m, since the respective size and depth of the wear racks are in a
range, where stable abrasion conditions and stable stress levels similar
1o the ASTM G065 tests are achleved [17], Testing temperature wiss roam
temperature (RT, —20 "C), 500 "C, and 700 °C; the test temperatunes
were chosen according temperature levels in different applications in
heavy industry such as slag pots [26], sinter plant for steel production
[39]. Further, temperatures between 500 “C and 7080 “C lead also to
significant hardmess losses in most lron-based alloys [40] and thus wear
and engoing mechanisms change significantly which is worth investi-
gating [+1]. The higher temperatures were realized through Inductive
heating. The wear loss was quantified via the mass loss by differential
weighing after cleaning in an ultrasonic bath with acetone before and
after the test to prevent any adherent and nct fully incorporated abrasive
particles. The wear rate [mm”/m] was caleulated wsing the respective
material density. The gravimetric determination in this case does allow
accurile measirements, since oxidation of the iron aluminides as well as
the substrate material is negligible [1,5,90].

3. Results and discussion
3.1, Muterinls properties

This section 18 p brlel summary of the Microstficlife-property fe-
lationships as presented previously by the authors in [15], where the

Flg. 1. Micrestructure of all claddings as investigated vin ebectron backscaner diffraction: a) Fe30AlL b} Fe30AISC, o) Fe30AL5E ) Fel0AIITi6E, e) Swelle 21,
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data relevant for the claddings investigated via HT abrasion tests were
extracted and novel data of Stellite 21 was sdded for comparison and
discusslon as presented later on

The microstructural evolution of all claddings is presented in Fig. |,
Fed0Al exhibits solely FeyAl with an average grain sbee of 246 + 121 pm
and o preferred orientation in [001] as well as [011]. As seen for
Fe30AISC, alloying with carbon lesds to the precipitation of perovskite
g carbicles FesAlCy ¢ in a FegAl miatrix. Silicon additions, see FeSALSS,
lead to polygonal grains with no preferred orientation but & significantly
decreased size of 44 & 10 pm. The microstructure of the Ti + B alloyed
material, Fe30AIITiIGB, contains TiBy, either as primary (coarse) or
secondary (Ane dispersed at the grain boundaries) precipizares within
the FezAl matrix. Stellite 21 shows an fee ColCr) matrix with precipi-
tated chromium carbides CryCy (< 5 pm size). A columnar structure of
the matrix with preferred [001] as well as [101] odentation shows the
IPF overview image.

Hat hardness data of the marerlals investigated, 1. 2a, yleld 264 4
13 HV10 at RT for Fe30Al, which only slightly decreases to —230 HV10
upon inereasing T to 250 °C and remains there up to 500 “C Above 500
C, the hardness decreases to 97 + 15 HV10 with increasing T 1o 900 °C,
The carbon-alloyed material, Fe30A15C, exhibits even 405 = 8 HV10 at
RT, which decreases nearly lingarly (o 293 = 10 HV10 upan incressing T
to 500 “C. Exceeding this temperature, the hardness decreases more
pronouncedly 1o around &0 HY10 at T = 900 "¢ Similar trends are
obtained (or the Si-alloyed material Fe30AI55i, which exhibits 366 + 9
HV10 at BT, being relatively stable up to T = 400 “C. Exceeding this
temperature leads w0 a more pronounced bardness-decrease o —290
HV10 at T = 600 “C. However, this Si-alloyed material provides the
highest hardness values in the temperature window 400-800 “C.

The hardness of the Ti + B alloyed Pe30A] cladding, Fe30AIITIGH,
renuing al —330 HV10 - after an inital reduction from 360 HV10 at RT
- at temperatures between 100 and 400 *C. Bevond this temperature, the
hardness decreases o 264 + 7 HV10 at 600 “C and 73 = 9 HVI0 at 900
‘. The cobalt-base material Stellite 21 provides o refatively stable
hardness of ~310 HV10 upon increasing T to 200 °C, after which it
decreases nearly linearly to 141 4 3 HV10 a1 900 “C. Overall, the C, 5i,
or Ti + B-alloyed Fe30Al cladding exhibits & higher hardness than the
Fed0Al materal and Stellite 21 up to 600 "C but weakens also more
pronounced at higher temperatures,

The respective scratch hardness values at AT, 500 “C, and 700 "C
{where also wear tests were performed), Figo 2h, exhibin significant
differences. There, the alloyed Fe30Al claddings are clearly superior to
Fe30Al and Stellite 21, with even —7-8 GPa up to 500 °Cand — 6 GPa at
700 “C for Fe30A13Ti6E. The combination of a stable matrix - providing
the mechanical sapport ~ with fine and coarse hard TiBz-tvpe pre-
cipitations provides the high scratch hordness. The Si-alloyed dadding,
Fed0alssl, allows for 4.3 + 0.3 GPa at BT, which decreases o 3.2 +
0,05 GPa upon increasing T to 700 °C, This cladding provides nearly ne
micro-cutting during scratching, despite the formation of cracks. The C-
alloyed cladding, Fe30AISC, yields a similar linearly decreasing scratch
hardness upon increasing T from BT to 700 “C, alheit at lower valoes —
3.4 +£ 01 GPa at KT and 2.0 & 0.3 GPa at 700 “C. The Fe3UAl baze
cladding, being still harder than Stellite 21, provides —1.7 GPa up to
500 °C and 1.0 + 0.2 GPa at 700 “C. The low fraction of CreCy carbides
present in the cobalt-base Stellite 21 and the lack of mechanical suppont
from the Co{Cr) matrix seems responsible for its relatively low scratch
hardness of 1.0 4 0.3 GPa at BT and 0,7 4 0.2 GPa ag 7040 'C,

The threshold load for chip formation during scratching the indi-
vidual claddings, Fiz 2o, vields highest values of up o 90 N at RT for
Fe0AISS as well as FedDAIITION, Pe30AI5C, which provides a lower
load at RT, matches these with still ~50 & at 500 " C. The hase cladding
Fe30AL as well as Stellite 21 exhibit the Jowest threshold loads for chip
formation of 30 + 3 N and 20 = 2 N at RT, which decrease to ~20 N and
15 N upon increasing T to 700 °C, respectively,

Nanoindentation allows to charscterize the individual phases pre-
sent in the claddings, which yield comparable hardness values (H =

Harald Rojacz
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Fig. 2. Mechanical property data: a) hor hardness (r = 5 cach temperamre and
cladding), b) scratch hordness (n = 5 each temperature and cladding) and cf
threshold koead for beginning chip formation vs. emperature obenined from high
temperature scratch ests (n = 5 each temperatre and cladding). Messuremnent
data for all FeqAl-hased cinddings are taken from [ 15].
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4. 2-4.6 GFPa) for the FegAl matrix within Fe30AL Fe30AI3Ti6B, and
TFeR0AISC, see Py, Ty, aswell a8 indentation moduli (E -~ 226-236 GPa),
Fiz- Zb, Clearly, the Si-alloyed cladding, Fe30AL58i, shows higher H and
E walwes with 5.8 & 0.4 GPa and 236.2 + 9.3 GPa, respectively, sup-
porting the microstructural findings that Si is essentially soluted within
the matrix, The perovskite-type carbide FesAlC, , within Fe3DAISC is
characterized with H = 7.7 < L6 GPa and E = 262.3 4 15.9 GPa, and
the hexagonal TiBs-type precipitate within Fe30AI13Ti6B even vields H
=458 + 2.4 GPaand E = 550.8 + 28.4 GPa. For comparlson, the Co{Cr)
matrix of Stellite 21 shows H = 4.0 + 0.2 GPaand E = 174.2 + 21.8 GPa,
and their chromium carbides CryCy yield H = 22.9 + 0.7 GPa and E =
2024 & 3.7 GPa.

3.2 Quantative wear resulls

Since most of the abrasive s broken during the wear testing, the

Harald Rojacz
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dominant abrasion mode iz high-stress, The iren-aluminides (Fe30Al-
base and its alloys) exhibit massively lower wear rates at RT, 500 “C, and
especially 700 "C than the reference material, Stellite 21, Fig. 4. While
the Stellite 21 vields —0.052 mm®/m at KT, the iron-aluminides show
similar wear rates of ~0.033 mm®/m with a slight advantage for the Si-
alloved vartant, Fe30AIS5L This advantage increases with Increscing
temperatire, allowing FedOALSSE to have only 0.008 + 0,006 mm’/m
wear rate at 700 €, while the second best, Fe3DAI3Ti6R, vields 0.026
mm/m. At this temperature, the wear rate of Stellite 21 is with 0,059
mm®*/m even 7 times that of FeA0AIS5. When comparing these wear
rate resulis and their dependence on temperature, there |5 no obvious
correlation with the temperature-dependence of the overall hardmess,
scratch hardness, or threshold load. Therefore, the wear scars were
additionally investigated by SEM top view and cross-sections as well as
EDS surface analysis.

3.3 Wear mechariisms

Especlally the cross-sectlonal SEM Investigations of the wear scars
exhibit differences of the individoal claddings with respect to their
ability of incorporating abrasive material and forming mechanically
mixed Iayers (MML), see Fig. 6.

The Fe30Al base cladding shows the most pronounced formation of
an MML at BT, which is even thicker at higher temperatures, espacially
at 700 °C, The top view as well as cross-sectional SEM investigations
clearly point towards a massive incorporation of abrasive material into
the MML. The afloyed Fe30Al-based claddings do not show significant
differences in their MML and also the Stellite 21 is comparable and
shows only a thin MML at 700 "C When considering the phases present,
clmddings without hardphases (those having solely the FeaAl matrix, like
Feal and Fe30A155i) feature the most prominent MML formation. Out
of these, the solid solution strengthening with 5 ar% of 51 is beneficlal,
since low wear rates are achieved for Fe30AISSE due to the higher initial
hardness and the higher resistance against abrasion. The hardness of this
Sistrengthened Fel3Al s well-balanced 1o sill allow 10 Incorperate
abrasive material (meed to for & protective MML) and to withstand se-
vere abrasion, Contrary, the daddings with additional hardphases [imit
the formation of protective MML. Thus, the FesAlCo s sample easier
abrades, leading to similar wear rates as the unstrengthened Fe30Al
claddings throughout all temperatires tested. Stmilar behaviots can be
seen for the TiBystrengthened Fed0AISTi6R cladding, where the bard
titanium borides locally prevent MML formation. However, they are able

a i e i

i
0,07 Faldla

Fa3lAISC L
Felnalssi Fel0AI3TiEE [l
0.05 - I Stelite 21 | i

8 ® &

Wear rate [mm*/m]

Lo
[=]
5}
L
T

0,01 - i : S |

0,00 =

200G BTG TG
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Fig. 4, Wear rates of the five claddings investigated on the three test
LTt e s,
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Fig. 5. SEM imnges of the wear scars of metallographic cros-sections and of the surface (ins=ts) after testing &t different temperatores.

o provide sufficlent wear resistance o protect the cladding against
abrasion (o a cestain extent, leading to decrenied wear rales compiied
o Fe30AL

This iz also sl:lmr.slrd |:|}' the SEM resulis Iuspmﬂa”:,- wiken consid-
ering the silicon content at the surface of the wear scar, represents how
much of the abrasive material is incorporited into the MML, Fig 5).

Clearly, with increasing temperature more abrasive material is pre-
sent within the MML. The alloved Fe30Al based eladdings exhibit similar
Si concentrations and tempersture dependence, in accord with the cross-
sectionnl SEM investigations. The 51 content of the Stellite 21, and s
temperature dependence, also agrees with the SEM investigations,
which yield a rather thin MML that only slightly depends on the tem-
perature, However, the Si content for the Fe30A1 base cladding seems to
be contradictive to the cross-sectional SEM investigatons, which exhibdt

Harald Rojacz

the most pronounced MML formotion smong the different materials
bk,

Anyhow, the wear rates, F'ig. 4, and the surface 5i content plots show,
that & well-balanced incarporathon of abrasive and MML formation is
beneficial. Therefore, the Fe30Al cladding allows for a lower wear rate
even at BT than Stellite 21, which even decreéases upon increasing T 1o
500 “C although the overall hardness decreases with increasing T and its
H-w3-T eurve Is lower than that of Stellite 21 (Fig. ). At 700 “C, the MML
formation seems to be too pronounced for Fe30AL causing the wear rate
to be higher than at 500 “C (but still below that at RT).

Mo tendency for adhesion of the counterbeody (stee] wheel) onto the
investigated claddings can be seen in the SEM analvses performed
{Fig. 5. The constant flow of abrasive between sample and coumter body
prevents adhesive bonds. As pointed oot in a soody by Varga er al. {237,
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the steel wheel counter body shows abrasive wear marks, but due to the
lowe contact time temperature transfer and MML formation are limited
on the wheel.

This can be ratlonalized by the fact that the softer Fe30Al material
might allow a deeper incorporation of the abrasive and an overlapping
with an Fe30Al material, This Is clearly visible by even more detalled
EBSD investigations of the cross-sections, Flg, 7.

At BT, the abrasive wear treatment causes i significant deformation
of the surface near regions down to 45 pm depth. This region is 50
severely deformed (resulting in high strains and small grain sizes) that
indexing was beyond the resolution of the chosen EBSD equipment. The
grain average misorientation (GAM) ploas indicate - through the high
misorientation {MO] right at the border of this heavily deformed region
and the nearly original microstrecture with larger grains - a pileup of
dislocations, This is also reflected in the inverse pole Rgune (IPF) plot. At
500 “C, this surface-near region shows signs of recovery and recrystal-
lization, The fowered hardness, combined with smaller grains can
contribute to & better incorporation of abrasive particles, leading to the
lowered wear rates at 500 °C due to a well-developed MML. At 700 °C,
the surface-near region is clearly recrystallized down to at least 50 gm.
The darker areas close to the surface, Fiz. 7, stem from the abrasive

Surface & Coglings Terlmolngy #96 (2025 L3565

incorporation. Again, the high misorientation right at the border be-
tween recrystallized surface-near region and the more original-like
miicrastrscture (S0-60 pm from the surface) indicates a high plleup of
dislocations.

Corresponding EBSD measurements after the abrasive wear treat-
meent at BT and 700 °C of the other claddings are presented in Fig 4. The
C-alloved Fe30Al based cladding, Fe30AISC, alo shows a highly
deformed surface-near region dewn to 20 pm with oo EBSD response
[due to the high strains and low grain sizes). Below that region, at the
boeder to the more initial-like microstructure, the IPF and GAM plos
indicate a high grain-misorientition. At 700 “C, the extent of the heavily
deformed surface-near region is still similar, with no signs of recovery or
recrvatallisation {comteary (o the FedDAl base cladding), This agrees with
the cross-sectional SEM investigations and the very similar wear rate ot
RT and 700 "C. The abrasive wear performance is very similar to the
Fe30al base cladding, as is the overall microstructure of the surface-near
region under the wear scar. Thus, the relativelly soft perovskite-type
carblides FeAlCs o do oot Imterfers with the formaton of a supportive
abrasive-containing MML (but also do mot provide an additional sup-
port), leading to a similar wear behaviour like the Fe30Al eladding.

Contrary to that, the Si-alloved Fe30Al based cladding, Fe30AISSI,
exhibits & different wear-affected surface-near rogion, which is only
=15 pm deep. At RT also here the high straln rate and small grain sizes
do net allow for an EBSD response, but there is o smooth transition to the
microstructure underneath. Ar 700 “C, the surfsce-near region is
recrystallized with much smaller grains as obtained for the Fe30A1 base
cladding. The high hardness without the support of hard phases, thus
without potential areas that break out upon cyclic abraskon, seems to be
beneficial for the wear resistance (being highest for this cladding).

The Ti < Balloyed Fed0Al-based cladding, Fe30AL3TiGR, also shows
# highly deformed surface-near region under the wear scar (around 20
pm deepd at BT, The low misoricntation at the transition to the micro-
structure underneath this reglon Indicates fewer pileups of dislocations
than the other claddings, see the GAM plot in Fig. & At 700 °C, the
surface-near region is recrystallized, but the extend of the Si-
incorporated MML is like in the BT sample. Here, the equiaxed
marphelogy of the TiBa-based precipitates might be beneficial to sup-
port the overall wear performance of this eladding.

The Co-base material Stellite 21 shows o wide (A0-50 pm deepd and
heavily-deformed surface-near region undemneath the wear scar. Con-
trary o the other claddings, this one shows aleo a lot of dislocation
activities underneath this region, at RT but alse at 700 “C No recrvs-
tallization within the surface-near region can be detected for the sample

Fig. 7. Microstructural changes of the Fe30A] base cladding below the wear surface capiured by SEM and EBSD {with grain average misorienation GAM and inverse
pale figure IPF plots) for the three tess emperatures: ) 20 °C, b} 500 “C, ) 700 "C.

Harald Rojacz

T

98



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
blio
nowledge

]
|
r ki

B 3
You

H. Rofocs o ol

Surface & Continge Trohvolngy 486 (2025) 131585

CSEM GAM  SEMIPF GAM

]
II

| sEM oM SeM GAM

Fig. B. Microstructural changes of the alloyed Fed0Al-based claddings below the wear surface coptured by SEM and EBSD (with grain average misorientation GAM
and inverse pobe Agure 1FF plots] for the three test empermiures: o) Fed30alSC, b) Fe30AISS, cf FeS0AIITIBR and d} Soelline 21,

treated at 700 “C and also the extent of the heavily-deformed surface-
ner region is comparable to the sample tested st BT (20 "ClL

The region underneath the wear scar, which does show a huge
variation in microstructure, was additdonally characterized by nano-
indentation down to a depth of 100 pm from the surface, see Fig Sa for
thie Fe30Al base cladding tested at RT, 500 “C, and 700 “C. For an easier
correlation with the mierostructural changes, GAM plots are directly
added (o this figure. Clearly, the blackish regions (without ERSD
Indexing, due 1o the high straining and small grain size) is always the
hardest. The sample tested at RT yields even —6.5 GPa down (o around
30 pm from the surface, after which the hardness graduatly decreases to
-4.3 Gi*a at B0 pm from the surface. The samples tested at 500 “C and
TO0 G, which show signs of recrystallization within the heavily
deformed surface-near region provide a much lower hardness gradient
with distance from the surface, starting at 5.7 and 5.0 GPa, respec-
tively. The results conlirm, as suggestesd above, that the formation of an
abrasive-containing MML is supportive for the overall wear resistance of
this material, even when tested at 700 “C [40].

The best performing cladding during the abrasive wear tests,
Fe30Al5Si, cven exhibits top hardness values close to the surface of
=10.6 and 80 GPa when tested at KT and 700 “C, respectively, see
Fig 9, These hardness values apidly decline with increasing distance
from the surface and meet at ~5.7 GPa for distances beyvond 60 pm.
Compared o the iron-aluminides, the Co-based material Sellite 21
shows a deeper surface-near region exhibiting an incressed hordness due

Harald Rojacz

1o the abrasive wear test even at 700 “C. As mentloned above, here, the
missing EBSD informatien within the outer —40 pm for the sample
tested cven at 700 “C suggests for a still highly deformed region.

4, Dhscussion

The wear performance of materlals, even within a certain material
class like within the Fed0Albased claddings, is influenced by various
parameters, To identify the most dominant one for the Fe30Al-based
claddings we plot the wear rate agalnst the other characteristies
investigated,

Fig. 1@ clearly shows that there is little {if any) correlation between
the wear eate and the overall hardness. [T we focws on the S00and 700 °C
data points within the Fed0Al-based claddings, there might be a ten-
deney of inereased wear rate for lower overall hardness. There is also
only little correlation between wear rafe and scratch hardness, Pl 10b.
For example, Fed0AIITIGE provides the highest seratch hardness but
only intermediate wear rates, whereas Fe30AI58 provides a lower
scratch hardness but lower wear rates, especially at elevated tempera-
tures. Thus, the phases present and their influence on the MML forma-
ton I8 more relevant than hardness lwself. Here, solid solutlon
strengthening with Si leads o a significantly. better incorporation of
abrasive and thus lower wear rates, than strengthening via TiBy or
FeaAlCy s precipitations, which lecally obsgruet the formation of an
MML, leading to increased abrasion of the regions close o the
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hardphases and thus 1o less sell-protection and an inereased abrasive
attack.

Within the individual Fe30Al-based claddings, lower threshold-loads
for chip formation seem to allow for lower wear mtes, Fig, 10¢, but this
effect is superimposed,/falsified by the generally mare pronounced effect
of temperatiire on the wear rite (lower wear rite ai higher temperatiores
for the alloyed Fe30Al-based claddings, Flg. 4). Also, the correlation
with the surface 5 content {lower wear rate for higher 5 contents, thus
higher incorporated abrasive material into the MML) is only present
within the individual alloved Fe30Al-based claddings, Fig. 1 0d. Thus, In
overall, these comparisons sugpest that the lower the threshold-loads for
chip formation and the higher the abrasive material incorporation into
the MML (characierized by the surface 51 content] the lower is the wear
rate within the individual alloyed Fe30Al-based claddings. These two
characteristics are plotted against the overall hardness in Fig, 110 and b,
respectively.

Clearly, the higher the overall hardness, the higher the threshaold-
load for chip formation and the lower the incorporation of abrasive
materkal into the MML, However, there is no generalised model on the
influence of hardness on the formation of MML. The mespective incor-
poration strongly relies on the microstructure, the precipitates as well as
the response of the material to the wear treatment (e.g., stradn hacd-
ening, recovery, recrystallisadion, abrasive material incorporation).
Overall, an optimized incorpomation of abrasives  together  with

Harald Rojacz
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significant strain hardening allows for better wear resistance. The Si-
alloyed Fe30Al-based cladding Fe30A155 shows a high strain hard-
ening potential, Fig. 9, and rather small grains, which togethers bead 10
the good overall wear behaviour of this alloy, in agreement with earlier
reparts [42], This cladding, which provides the lowest wear rates shows
a self-protection effect due to the formation of 8 well-defined MML and
the optimized incorporation of abrasive material [23.43]. The data
suggest that this is more effective than having even very hard pre-
cipitates, like the TiBy-type ones. The incorporation of abrasive material
{characterized by the surface Si content) and the threshold-load for chip
formation is similar for Fe30AI3TI6R and Fe30A1551, but Fe30AlSS]
outperforms Fed0AIITIOR at all temperatures, We envision that the
precipitations {primary or secondary) detach from the matrix during the
wearstreatment, which leads o increased wear [44 46].

In general, the iron aluminide-based claddings developed and tested
are promising candidates as sustainable alternative wear protection
withstanding HT high-stress three-body abrasion very well. Here, wear
rates (n the test conditions range from —0.03 mm®/m ar 20 °C and be-
tween 0.01 and 0,03 mm”/m at 500 °C and 700 °C, outperforming the
Stellite 21 reference from this study (—0.05-0.06 mm®/m at all tem-
peratures investigated) as well a8 commonly used white cast irons
{~0.07-0.08 mmz,.-'n:l at 500-7 “C) and FeCrC-hased wear plates with
0,08 mm/m {results taken from [47]), This high wear resistance can be
partially attributed to the self-protection of the surfaces via MML for-
mation and show the feasibility of lron aluminide claddings strength.
ened with Ti + B and 5i (the two best-performing claddings in this study)
as wear protection solution agalnst HT high-stress theee-hody abrasion,
e.g. for materials handling in the heavy industry, The processing in
larger scales needs to be optimized e, powder-fed LMD instead of the
utilisation of the pre-placed powder method with mechanically alloyed
or atomised powders with the respective chemistry, but the principles,
laser parameters and the performance of these novel strengthened iron
aluminides can easily be transferred to large-scale processing.

5. Conelusions

The preseni work has investigated the influence of different
strengthening mechanisms achieved via alloying in FesAl-based clad-
dings on the high emperature abrasive wear behaviour, Based on the
presented data within this study, following main conclusions can be
drawn:

= High temperamre abrasion tests within a modified G65 test (sieel
wheel) showed a good overall wear performance of the irom.
aluminide claddings compared to an industrial standard Co-based
cladding Stellite 21, Here, higher temperatures led o lower wear
rates at all iron-aluminide claddings, whereby solid solution hard-
ening with 5i entails the lowest wear rates atall temperatures tested.
The claddings can be ranked from least wear resistant to highest
wear resistant as followed: Stellite 21« FedlAl < Fel30AISC <
FedDALITIGN < FedDAISS A nearly 40 % decrease of the wear rates
Trom Stellite 21 was achieved with the iron-aluminide claddings. At
higher temperatures up to 700 "C, a 60 % better wear performance
was found for iron-aluminides compared to Stellite 21,

In-tlepth analyses on ongoing wear mechanisms, strain hardening as
well &s the influence of different materials parameters showed, that
the wear mechanism significantly changed with present phases in the
claddings. While the presence perovskite type carbides FesAlCy s in
the C-afloyed hardfaciing does not sufficlently protect the hardfacing
against abrasion due to their low hardness, the hard titaniom boride
precipitations prevent the beneficial formation of mechanically
mixed layer, The best-performing hardfacing is the 5 ar% Si-allayed
hardfacing. The solid solution strengthening leads to a significant
hardness increase via strin hardening during abrasion along the lack
of hardphases enables the incorporation of abeasive particles and the
cancomitant sell-protection, resulting in the lowest wear rages,
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& Strengthened iron-aluminide claddings are promising alternatives
for matrix systems for high temperature wear protection with the
advantage of avoiding critical raw materials with a high ecalogical
impact such as Co, Cr and Ni.

= In general, can be sald, that bron strengthened fron-alumindde elad-
dings provide stable HT wear protection wp to —700 “C. Due to their
stable hardness and their increased wear resistance at elevated
temperatures, they are promising condidates as novel matrix mate-
rials for high temperature wear protection materials (eladdings) with
the concomitant advantage of a lowered ecobogical impact compared
1o ather high-temperature wear protecticn solutions based on Go, Gr
and Ni.
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ABETRACT

FeAl-based materiabs demorstrate high mechanical stability at ambient and elevated emperatures ag compar-
atively low averall eeslogical impact compared to classical wear-resistant materials, Therefore, aser metal
deposited FeqAl-based claddimgs, alloyed with B, C. were prepared osing a high-power diode laser at energy
demsitivs bepween 22 and 32 J/mm”. With these parameters, precipitation strengthened claddings with a strong
metallurgical bond to the substrate, increased hordness, contining abowt 30 at% Al were achieved, Alloying
with B results in the formatdon of very hard FeaB and FeB precipitates (14.1-25.0 GPa and 9.7-11.4 GFa
respectively], leading to the highest macrohardness of 813 £ 9 WY1 for the 20 at.% B alloyed cladding. Alloying
with G chuses she farmation of FesAlGy (7.6-7.9 GPo} and graphite (for higher C additions), with the 10 ac™ C
alloyed eladding showing a macrohardmess of 500 + 5 HV1I0 The combined 10 at% B and 10 ae.% C alloying
results in o slightly higher hardness of 530+ 34 HY10. Regardless of alloyving, the FeaAl matrix itself provides o
hardness of 4.4-5.2 GPa, In werms of wear reststonce, the Fe30A0008 cladding demoensitates the kowest wear rote
{0.0024 mm”/m} - cutperdorming other claddings like PeCrC ar Stellite - byt also Fe0AI 08 and FeT0AI10B10E
claddings nffer high wear resistance (00123 mm’/m and (,0173 mm’/m, respectively), These results highlighs
the better performance of the developed FegAl-based claddings in comparison to curréntly wsed wear protection

solutkons - particularly those allvyed with boron - ennbling wear protection withaut (high) amounts of Ga, Cr

and Ni

1. Introduction

Iron aluminides show considerable mechanical strength and corro-
sion/oxidation resistance at both ambient and high temperatures (HT)
[1,2]. Die to thelr low environmental bmpaet [L 5] compared 1o
commuonly applied wear protection materials (containing high amounts
of e.g. Co, Ni, Cr) and their broad spectrum of processing routes from
casting, sintering to coating [6,7] they are predestined as alternative
wear protection material dee to thelr good wear resistance, from
ambient to high temperatures. [3,8). Furthermore, they have a low
environmental impact compared to commonly applied wear protection
materials, which often contain high amounts of Co, Niand Cr,

Iron aluminide coatings can be prepared with different technigues
such as thermal spraying, plasma spraying, eleciric are spraylng, high
velocity oxy fuel or detonation gun spraying as well as laser cladding,
where the choice of the substrate is relatively free [0 12]. For laser-
based coating or manubcturing, either laser metal deposition (LMD,

* Corresponding author,
E-rumil address: horall rojace fac 2Lat (M, Rogacz).

hargre s Adod, org 10, 101 6/ snrfopad. 2024, 121604

fpser powder bed fusion or feser engineered net shaping can be used
[13-15])-

Hauser et al. [16], showed the suitability of iron aluminides for
multi-material LMD by using Al contents between 28 and 30 at.% with
minor additions of Ti and B, There, erack-free tron aluminide tracks
were deposited at power densities of ~70-80 W,/mm" and using a pre-
heating of 400 "C. However, due 1o the small laser spot size of 0.8 mm
diameter only low deposition rates were possible, unsuitable for pre-
paring thicker and wider claddings at reasonable speed. While it is re-
ported that such a quite small laser spot size is suitable to prepore Feanl
[12] as well as strengthened iron aluminides [17], no reports are
avallable (1l now) to prepare such eladdings with a significantly larger
laser bepm using similar power densities. In & previous work [10], we
report about the optimization of the LMD process o prepare strength-
ened iron aluminides with such large laser beam spot sizes (of 24 mm
wiidth and 1-12 mm length) using a prehearing of 400 C.

Various strengthening effects like (i) precipitation bardening. (i)

Received 29 August 2024; Recelved in revised form 25 October 2004; Accepred 28 November 2004

Available online 1 December 2024
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solid solution strengthening, and (iii) the formation of binary and
ternary intermetallic compounds can be used to further increase the
hardness of iron aluminides [15], This is needed to increase the wear
protecrion pedential of such materials. Alman et al. [19] studied the
influence of solid selution strengthening on the abrasion resistance by
adding different metals. Their findings revealed that Ti, Mo, and Nb
exhibited 2 notable enhancement in wear resistance, reaching up to 30
H when introduced in quantities of 10 at% each; same goes for S,
where a significant hardness increase and proper wear performance
even al elevated temperature was polnted out in [5]. Also, precipitation
strengthening by alloying Ti -+ Bor € to iron aluminides can be useful to
achieve low wear rates under abrasion, especially at high temperatures
[5]. Given the pivotal role of abrasion resistance in this study, precipi-
tathan strengthenlng with C and B was selected as the primary focus.

Based on prior findings, alloying FegAl with carbon feads to the
formatlon of varlous carbldes, depending on chemieal compositlon and
process parameters [20], For low Al-contents, perovskite-type carbides
of FeyAlCy s type are formed. Also, C-richer PeaAlCy 4o as well ag Fe,A1C
are formed, as reported in [21,22]; ALCs: play a minor role [23],
cementite (FeyC) 1= not stable in the ternary system Fe-Al-C as pointed
wiit by Phan el al. [24] and Palm & Inden [25]. Alloving FeaAl with Ti
amd B results in the formation of finely dispersed TiBy within the iron
aluminide matrix |7, 26], whereas alloying FegAl with solely B causes the
formation of different iron borides [27]. Literature reporis that within Fe
(Al matrices of 20 at.% Al and 5-25 ar.% B, FeaB (tetragonal P4/mmm )
precipitares form when rapidly solidified; upon the addition of higher B-
contents, FeB {orthorhombdc. Cosem structure) precipitates, cousing a
significant increase in hardness from ~370 HV to ~1360 HV [28], At
boron concentrations 0,5 at.%, the FesAl strengthens by a combination
of doplng and vacancy formation [29], while borides are formed when
exceeding B0 ppm B within an FeAl matrix of 40ae.% Al [30]. Ahmasdian
et al [31] report the strengthening of iron aluminides with boron for
weir protection, but they used a significantly lower fraction of <1000
ppm than wheat is employed in this study.

It is of utmost interest o enhance the hardness of the novel devel-
oped iron aluminide-based laser claddings in this study if they are to be
employed as wear protection claddings, Considering the aforementioned
literature data and the goal to increase hardness and abrasion resistance,
we investigate the impact of alloving FeaAl-based claddings with C, B,
and a combination of C and B on their hardness, microstructure, and
abrasive wear resistance, Given the low ecological footprint of the Feusl-
based cladding and the alloying elements B and C. this study also un-
derscores the potential for the development of sustainable materials
with favourable wear resistance properties

2. Experimental
2.1. Materials, loser processing and feed stock powder

Laser metal deposition (LMD) was performed with & HighLight™
100000 laser system (Coberent, Inc,, USA) via the pre-placed powder
method, The feedstock powder used for the study s given in Table |, As
a substrate, steel plates of 1,0038 (structural steel 5235 JR acc. DIN EN
1025070 are used in rolled and normalised conditions (235 MPa mini-
i specified vield strength). This steel was wsed to prevent excessive
dilution from other elements since <0.17 wit%e, <1.4 with Mn and =

Surfoce & Contieg Technolugy 486 (2025) 137604

substrate were 150 mm = 110 mm with a thickness of 10 mm in order to
prevent warping and thermo-mechanical deformations,

The feedstock powders were manually blended in isopropyl aleohol
{02 g isopropylic aleohol per 1 g powder) prior o LMD and subse.
quently applied to the sheet metal substrate. After masking the feedstock
powder 1o 3.2 mm thickness and 26 mm width manually via a sheet
metal template — leaving the right amount of powder with the desired
width on the substrate - single tracks (3-5 tracks for each cladding
material} were laser cladded on & length of ~ 100 mm on the respective
shieet metal substrates. The LMD was performed ar the parameters pre-
sented in Tublc 2 and after drying the powder beds in a drying cabinet at
12070 for 1 b, To ensure an accurate chemical composition, pre-tesis
were conducted for each alloying variant. These tests aimed to iden-
tify optimal cladding parameters, with the objective of achieving low
dilution and the desived chemical composition. These ensured optimal
cladding parameters, alming on low dilutlon and ihe respective proper
chemical compaositions. As s remark shall be added, that the differences
I the particle sizes, did not have an influence on the resulting micro-
strisctural evolution.

To show the influence of the alloying elements B and C, different
chemical compositions were chosen with alloving contents between 5
and 20 at. %, 30 ar% Al and balanced with Fe, see Tuble 2, This entails
an FegAl matrix with beneficial properties from room temperature (BT,
=20 “C) to 700 " C due to the intermetallic nature [18,32]. All claddings
were prepared with a 24 mm < 3 mm lsser spot size, with the laser
system featuring a stable energy distribution over width and length and
only the cuter 5 % of the area suffer from an intensity decrease, The LMD
parameters for preparing the individwal claddings on substrate sheets
(preheated o 400 “C) are added to Table 2 The power density was
caloulated by dividing the laser power with the respective laser spot size
area [ 17], and the effective energy density was caleulated with the scan
speed assuming an absorption coefficient & = 0.54, which is an inter-
meizite value bised on the broad variety of o al different wavelengths,
powders and energies [4,55] and & common valoe for stainless steel
metal powders [30] and aluminium pardeles [17]. The scan speed was
3.5 mmys and the interaction time [15] was 0.86 s for all claddings.
These parameters as well as the preheating were chosen to achieve low
dilution, avoid cracking as well as the desired chemical composition.
Typical cladding thicknesses were in the mnge of —2.0-2.4 mm. This
composition was analysed via EDS at three areas with approx. 600 =
1000 i, The wtilised laser spot size and scan spesd of the Lser unit
achieves an optimal melt pool, considering the exothermic reaction
while forming the ordered phase FesAl [1,7] Argon was used as a
shielding gas at a flow rate of 25 I/'min to cover the melt pool.

For comparison to ether studies, the effective energy density with
regard to the cladding thickness ranges from 9.4 to 13.4 J/mm®. Pre-
paring the claddings In sccordance with the specified parameters
featured chemical compositions in a range of 5 % relative error for AL

Talle 2
nNominal chemical eompositon [at%] of the eladdings investgated with the
LMD parameters wied for their preparation,

Nime Chemical composition
[ait]

Fe A& B Cc

Laser metal deposstion parameter

Laser Pewer Effective
paveer iensity ENETEY

(.035 at% P and § are standardised. [Mmensions of the sheet metal w1l [ density |47
] e’ |
FedihAESH 65 30 5 = 5000 T EERE
Table 1 Fe30ARIOR &0 a0 18 5 400 RE & 1571
Feeddtock powder used for LMD, Fe30AL208 55 1 10 - ] o4 1214
P S0AEST 65 30 ] AN 556 2571
i Gt e fpam| Fe3nali0e o 3 10 1 4300 BT 276
Ienes =44 % puriny 45 - 40 FethAR: 55 30 1D 3 4500 ] 2543
Alusninduis 9% % puriry, rosmded 45 - 90 Fe3MARZ.5A2.5C 65 30 25 25 4800 BEA 30.RH
Cartsom (graphile], 99 % parity =75 FeRARSRE0 [2H] E] E] 35040 486 2E5
Ferroboron - 200wl B, =99 % parity, bocked By« 328 e AL 0BT 0C B8 30 10 14k 4700 | 2918
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Although the light elements like € and B are difficult to measure with
EDS [39,40], their quantification was with a maximiim of 20 % relative
offset {on average) to the nominal composition. Based on these mea-
surements, the claddings' chemical compositions were compensated
taking imte account an average dilution of 23 % and eventual loss of
volatile elements.

2.2, Microstructural analysis

Afver LMD, the surface of each cladding varlant was documented via
macro photography. then cut with a lab-seale cutting machine DiscoTom
100 {Struers AB, DK) amitting/minimizing microstructural changes via
cocling and optimised parameters. Metallographic cross-sections were
prepared to evaluate the material’s microstructure, phase hardness as
well as macro hardness. A detailed description of the utilised metallo-
graphic routine is presented in [41). For X-ray diffraction (XRD), spec-
Imens with 10 mm = 10 mm were cut for a sufficient analytical volume.
XRD phase characterization was obtained from Bragg-Brentano XRD
Investigations using an Empyrean diffractometer (Malvern Panalytical
GmbFH, GER) with a Cu-Ki source (wavelength = 1,54 A), powered with
45 kV acceleration woltage and 40 mA current.

For a first view on the metallurgical bonding and eventual defects or
cracking susceptibility, light-optical microscopy (LOM — Zeiss Imager
M2m, Zedss AG, GER) was used. For deeper microstructural evaluations,
i eross-beam seanning electron mieroscopy (SEM, Jeol JIB-4700F Jeol
Corp., JP} and a Bruker X-Flash 630 cnergy dispersive X-ray spectros-
copy (EDE) detector as well as a Bruker e-Flash HR electron backseatier
diffraction (EBSD) detector were utilised. Secondary (SE) and back-
scatter electron (BSE) imaging and EDS measurements were acquined at
15 kV amel 0.3 nA. EBSD measurements were performed with 30 kV and
6.5 nA beam current at 70" specimen tilting. Kikuchi patterns were ac-
quiired] with a resoliition 320 <« 240 px at an exposure tme af 40 ms.
Depending on the magnification, different spot sizes were chosen to
sufficiently analyse all phases present. Phases were determined via
Esprit 2.2 softwore (Bruker Corp., USA) under consideration of different
phases listed in American Mineralogist Crystal Structure Datnbase as
well as The Materials Project [42],

2.3, Macro hardness end naneindentation measurenents

The macro hardnes was determined via a Future-Tech FV-B10
Vickers hardness tester (Future-Tech Corp., JP) at a normal load of 98.1
M {HV10) To ensure reliabilicy of the results, 10 indents were performed
on each specimen. For nanoindentation, & Bruker Hysitron triboindenter
T1 950 - Performech Il {Bruker Corp., USA] was wrillsed. The quantifi-
cation of hardness and reduced Young's medulus of the individual
phases was done via quasi-static indentation with a diamond Berkovich
indlenter. A peak load of 5000 N was chosen to determine the hardness
of the individoal phases. A loading and unloading period of 5swithn 25
holding time a1 peak load was employed. The load-displacement curves
were evaluated in terms of hardness, as reflected by the ratio of peak
load amd projected aren during Indéntation, as well a= the reduced
Young's modulus (via the Oliver-Pharr method [43]) 25 walid
measuring points were performed in each characterised phase for proper
rediability,

2.4, Abrasion tests and post-test analyses

To evaluate the wear resistance of the developed claddings, abrasion
tests were performed according to the ASTM G465 - procedare & [44]. In
this test, quarte abrasive i brought into the contact between a rotating
rubber wheel and a specimen leading to abrasive wear in the contact
zone. The specimen is pressed against the wheel (rotating at a specified
velocity} via a lever arm with a defined normal force, The abrasive and
its mass flow are standardised. The wear loss is determined gravimet-
really and transformed into the wear rate mm¥/m via the material's

Harald Rojacz
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density &nd sliding distance, The parameters used are summarised n
Tilsle 3, The samples wene cut to the necessary size and the test surface
plane ground, Three tests were performed for cach material,

After the test, the wear track surfeces were subjected 1o SEM and EDS
analyses utilising the same devices and parameters as described above to
evaluate ongoing wear mechanisms and the extent of abrasive surface
coverage in case a mechanically mixed bver is formed [45]. Three re-
gions of interests (RO with approx. 600 = 1000 ym size was therefore
analysed via EDS on each specimen's wear track to quantify the surface
silicon content; showing the influence of alloying on the incorporation
and adherence of abrasive particles (S10:).

To gain further insights (o ongoing mechanisms in a greater detail,
metallographlic cross-sectlons were prepared analogue to the micen-
structural evaluations previously described. SEM investigations were
performed on the cross-sections to show the impact and behaviour of
different phases on the wear processes.

3, Results and discussion

A1, Appearance of the deposited clmddings

The produced claddings generally show a homogenous appearance
and the intended chemical compositions. Fig, | gives an overview on the
appearance of some selected claddings and thelr microstructure as
investigated by macro photography aod LOM.

Mo scales or adherent slag as well as no melting defects, porosities, or
any ether abmormalities are presenl in the cross-sections, Comparing the
coatings appearance, cracks at specimens with increased alloying con-
tent are present, such as B-alloved Fe30AL108 and Fe30AI208, C-alloyed
FealAl10C and Fe20AI20C, as well as Fe0AISBSC and FeZ0AITOBT0C
Pares in the top of the coatings (outermost 200 - 300 pm) ave present in
Fe30Al10B10C, whereas blistering induced by the formation of C0g
during LMD can be seen in the overview image of Fe30AL20C. Generally,
the parameters chosen for LMD led to the formation of metallurgically
bonded dense claddings with low difution and negligible surface
porosity. Anyhow, minar deviations in the microstructure can be seen at
Fe20AL10B as well a3 Fe3DAISBSC due to pore formation and larger
borides in the centre of the cladding. Also, high carbon-containing
claddings Fe30A120C and Fe30A110B10C show inhomogeneities in the
sizes of graphite nodules or lamellae formed during consolidation of the
clacdings.

To confirm the correct chemical composition, EDS results of the
cross-sectlons were performed, Fig 2 The discrepancy between the
observed and desired values is minimal, indicating the formation of
FeaAl in accordance with the Intended process. The theoretical range for
the T3 ordered FeaAl phase, which encompisses 24-36 ai.% Al (12-20
witth), is achieved in all claddings. The introduction of additional ele-
ments through alloying resulted in slight varations in the Al conteat,

3.2, Microstrucneral features

A comprehensive examination of the microstructure and the present
phases was performed via SEM/EDS, ERSD, and XRD (Fig. 21 This al-
lows the correlation of these features with the mechanical properties
(nenoindentation, hardness) and wear resistance (from the abrasion
tests] of the individual chddings.

XRD investigations of the B-alloved claddings indicate the formation

Table 3
Parameter - abradion test (ASTM O65 - procediure & [44]).
Load  Relative Sliding Abrasive Ahrasive Whael
welocry distance Now rage
1441 A me 2200 m Chitawa sarnl 400 Rubdws &5
] [roumsded silica - £ i Shore &
TH2-300 gm|
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Fig. 1. LOM overview tmages af the coatings and their corresponding ofogs-sections.

of borides of the type Fepj_ B alongside the FesAl intermetallic phase,
FeB tends 1o be the predominate boride within Fe30ALSE, whereas FeB
is dominant for B-contents =10 at.% B (Fig. 2a). The C-alloyed cladding
exhibits perovskite-type carlddes FeaAlC  for Fe30AISC alongside the

Harald Rojacz

FesAl phase, With increasing C content, FesAlC is formed with a reduced
contribution of FeaAl Within the Fe30AI20C material also graphive can
be detected, corresponding with known termary systems [21,48],
quantifying the graphite content 1o approx. > 15 % among the c-carbide
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Fig. 2. EDS verification of chemdcal composition of the claddings,

{FeaAlC), Adding a combination of B amd C leads 1o the formation of
borides as well as carbides, Fig, e FesAlCy and FeB precipitates next
to the FegAl matrly can be identified for Fe30Al2,58 and FelDAISHSC,
whereas  Fe30AILOB10C contains FezB  slongside perovskite-rype
FeaAlCy 5 amdd graphite,

The wisual representation of the microstructure of B-alloyved, C-
alloved, and C + Balloyed Feydl-based claddings via SEM images and
EBSD phase maps is presented in Figs. 45, and &, respectively. Alloying
FeZ0Al with 5 a1.% B causes to the formation of approx. 20 vol% FeR
precipitates within the Fegdl matrix {Fig. 4). Increasing the B-content to
10 and 20 a1.% leads o the formation of needle-shaped FezB precipiiates
with --30 and 62 vol% within the FeqAl matrix, respectively. These can
nicely be identified especially within the EBSD phaze map images of
Flg. 4.

Alloving FezAl with 5 at% G results in the formation of a demdritic-
like structure of FesAl surrounded by FesAlCy e carbides, which corre-
sponds well to a ledeburitic microstructure, with an approx, 1:1 ratio of
the respective phase-contents, Fig. 5, By increasing the C-conbent to 10
at.%, the carbides formed are of FesAlC-type and occupy —60 % with
needles of Feqal (length of 25-40 ym and width of <5 pm). Further
increasing C o 20 at,%, Fe30AIZOC, causes the wdditonal formatian of
graphite lamellae, noxt to FegAlC and FeyAl, with phase-content ratios of
10 %, 75 % and 15 W, respectively, as previowsly reported [49].

The combination of B and C with Fe30Al, results in the formation of
borides and carbides. However, the possible precipitation of iron car-
boberides are reported in literature [50. Upon adding 2.5 at.% B and
2.5a0.% C, the FezAl matrix dendrites {25-30 pm dendritle arm spacing)
are surrounded by FesAlCy s (average size of 10 pm), while the FeB
precipitates (average size of 1 e} are uniformly distributed within the
FeqAl dendrites. Their relative phase-content ratios are —15 %
(FegAlCy ) and < 3 % (FeB), Flg. 6. These SEM and EBSD investigations
indicate that already by the addition of both 10 at.% B and C combined
graphite is formed, next o the dominating phases FeaAl and FeaAlCye
{both with equal contribution) and the finely-dispersed smaller Fob (<5
Hl. The perovekite-type FeaAlC . slightly enlarged to 10-25 pm average
size while the dendrite arm spacing of FegAl decreased to <20 pm.
Adding 10 at.% B and 10 8% C leads 1o an increased formation of
graphite [5-8 %)-which massively increased in size to 5-25 pym and
belng nodule-like shaped next to the equal content of FeAlC, . and
Feqal (both —40 %), and approx. 10 % FeB + FeaB, The latter slightly
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Fig. 3. X-ray diffraction patterns of the daddings investigated: a) Fe30AlxB, b)
FediiAlxt, o) Fe30AlxBxC. Reference data from the PRF datahase (International
Centre for Diffraction ICDD [16]), The Materials Project and the AMCSD
[42,47]. Color codes grey — lowest alloyving (5 at. %), red - intermediate alloying
(10 at %, blue - highese alloying (20 az%).

increased in size to —2 pm, while the dendrite amm spacing of Feanl
slightly decreased to 10-15 pm and also the FegAlC, o carbides slightly
decreased in average to 5-25 pm, EDS investigations of the individual
phases, added to Fip & with indicated spot areas marked in the corre-
sponding SEM images, indicate that for Fe30AISBSC, B as well as C is
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Fig. 5. images and EBSD phase maps for Calloyed Fe30Al claddings.

present in the FesAl dendrites (both with <0.5 at.%), that the FegAlCo e
carbides holds abour 0.5 a1.% B, and that FezB contains even 5.8 at.% G,
This B respectively © content within FegAlGa s and FeaB essentially re-
mains unchanged when increasing the overall addition of B and Cto 10
a4 each,

As a gencral remark shall be added, that hlack dots can be found
throvghout all SEM images of the cladding's microstructures, As indi-
cated by additional EDS measurements, these black dots are of oxidic
mature, mainly aluminium oxides with minor iron content, which are
formed during laser cladding despite shielding with argon.

Harald Rojacz

3.3, Mechanical properties

The Vickers hardness results (HV10), presented in Fig. 7a, clearly
highlight the profound impact of the formed carbides or borides on the
overall hardness, The formation of the soft graphite results in a decline
In hardness, a5 observed in Fed0AI20C, or a lack further increase as
featured in Fe30AIDE10C, The hardness of the plain FeaAl cladding was
found tobe 264 = 13 HW10 [10]. With the addition of 5, 10, and 20 at.%
B, the hardness incressed to 369 & 8 HV1O, 517 & HY10, and 813 + 9
HV10, respectively. The macrohardness of the C-alloyed specimens is
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Fig. 6, SEM images, ERSD phase maps and EDS quantifications for B- and Coalloyed Pe30AL claddings. Bspecially the chemical composition of the PeB (spor 3 within
FeanAISBSC) and FesB (spot 3 within Fe30ANOR10C) phases is influenced by thelr small size from oeighbouring regions

similar as long as no graphite s present, vieldlag 400 £ 17 HV1O for
Fe30AISC, 501 + 5 HV1O for Fe30AI10C, but only 294 + 33 HV10 for
Fed0al20C (containing 10 % lamellar graphite). Similarly, the com-
bined B and C alloyed claddings, which exhibit hardness values of 404
+ 1 HV1Q, 527 = 13 HV1(, and 530 + 33 HV10 for Fe30AI2 5B2.5C,
FeAISBSC and Fel0AIOB1OC, respectively, The latter containg 5-B%
nodule-like graphite.

The FesAl-based mairlx phase s essentially similacly hard for all
claddings [~4.7-5.1 GPa}, except for the 10 av% C alloyed cladding,
where the FejAl phase vields 5.6 4 0.5 GPFa, Fig. 7h. The latter may be
due to the supposedly incorporated C, as indicated by EDS mensure-
ments of Fe30AISBSC (Fig. 4). As soon as graphite is formed, carbon is
attracted 1o the graphite regions causing a carbon depletion in the ma-
trix as indicated by EDS measurements of Fe30QAILOB1OC (Fig. ©)
causing the hardness to decrease,

The FeB and FesB precipitates within Fe30AI58 and Fe30AI1I0B
reveal a hardness befween —11.5 GPa and 25.0 GPa. The FezB ones tend
to be harder with the larger precipitates vielding 25.0 + 4.9 GPa, and
the smaller ones yielding 14.1 + 2.5 GPa. The difference In hardness
essentially stems from the size, as chemistry and structure are similar,

Harald Rojacz

becanse during Endentation of the smaller anes also, the softer matrix
contributes to the hardness value.

The percvskite-type carbides FesAlC and FeaAlCy s show similar
hardness in the range of 7.6 GPa and 7.9 GPa within the Calloyved
claddings. The hardness of FeyAlC; ; slightly increases to 8.2 GPa if also
a hit of B s incorporated, & obtained for the combined C and B allayed
claddings Fe30AL2.582.5C, Fe30AISB5SC and Fe3OAlIDBIGC. The
respective borides in these C + B-alloyed claddings, FeB (9.7 4 0.8 GPa)
and FeoB (11.9 + 1.0 GPa), are slightly softer as measured for the small
precipitates within the solely B-alloyved claddings Fe30A158 and
Fe30AITOB. This might be explained by their even further reduoced
average size within the C + B-alloyed variant. Thus, the nanoindentation
is more influsnced by the softer surrounding phases.

Selected load-displacement curves are shown in Fig. 7d. Here, the
lower the indentation depth (displacement), the higher the hardness.
The curve for FesAl {as quantified from Fe30AL20B) features a hardness
of =51 GPa at an indentation depth of 145 nm. FeB, measured on
FedOAISB, shows 10,7 GPa at an indentation depth of ~ 101 nm, similar
to Feyli (Fe30A110B) featuring 11.2 GPa hardness at 95 nm. Primary
Feolb and secondary FeuB presemt in Fe3DAIZ0B feature lowest
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Fig. 7. Hardness measurements: a) macro hardness Vickers HY 10, b) nancindentation FesAl phase, ©) panoindentation hardphases, d) sclected load - displacement

curves of present phases

indentation depths of 62 nm and 77 nm resulting in 28.5 GPaand 17,3
GPa  respectively. Perovskite-type ecarbides FeyAlC,. (found in
Fe30AISC) and FeaAlG (Fe30AL20C) show similar mean manoindentation
hardness of 7.6 GPa and 7.9 GPa, whereas both chosen load-
displacement curves represent 7.2 GPa due 1o 136 nm (FegAlCy ) and
7.9 GPa due to 125 nm indentation depth (FesAlC).

in general, the overall macro-hardmess of the individual chaddings is
similar {~370-405 HV10) when alloyed with 5 at% B, C, or B + C
(Fel30AISE, FelOAISC, or FelOAI2 SB2SC), and similar (—500-530
HV10) when alloyed with 10 at% B, C, or B + C (Fe30Al108,
Fed0AlDG, or FedNAlSES C). This ls because, although the carblde
phases have lower hardness compared to the boride phases (7.6-7.9 GPa
vi. 11.9-250 GPa), thelr larger volume [Factlon compensates for this
difference. Unilike the 5 at.% and 10 at.% alloyed claddings, the 20 at.%
alloyed eladdings show significantly different macro hardness depend-
ing on whether they are alloyed with B, C, or a combination of both. The
B-alloyed one is with 813 = 9 HV10 the hardest among all claddings
studicd here, due to the rather large volume fraction and dze of the
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baride phases (essentially only FeB) The C and B + C alloyesd variants
have a massive contribution from the soft graphite phases (lamellar with
=10 % in Fe30ALR0C and nodule-like within Fe30AI0B10C with —5-8
e}

3.4, Abrasive wear behaviour

The abrasive wear resistance of the claddings was studied using
abrasion tests according to the ASTM G656 - procedure A The thereby
obstainesd wear rates are summarised in iy Sa, It s evident that the wear
rate declines markedly from 0.0335 + 0.0020 mm*/m w 0.0024 =+
(L0002 mm'/m when the Bcontent is increased from 5 to 20 at.%,
Alloying with C on the other hand, even causes the wear rate to increase
from 0.0403 & 00011 mem’/m, e 0.0426 & 0.0008 mm*/m upon
increasing the C content from 5 to 10 at.%. The 20 at.% C containing
cladiding, which exhibits & considerable fraction of lamellar graphite
{(~10 %), exhibits the largest wear rate of 0.0497 £ 0.0009 mm®/m
among all claddings rested here.
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If both elements, B and C, are jointly added 1o Fe30Al, the wear rate
again decreases with increaging alloying content, from 0L03B8 + 0.0016
mm®/m for FeaOAIZSB2.5C to 00173 = 00007 mm'/m for

Fe30Al10B10C, Here, the finely distributed FeB and FezB precipitates,
which are highly beneficial in reducing the wear rate within the B-
alloyed wvariant, help to counteract or partially offset the seemingly
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negative effect of graphite.

These investigations demonstrate that overall macrohardness & an
insufficient indicator for increased or decreased wear rate. Within the B-
alloyed variant, an increase in macrohardness is assoctated with a clear
reduction in wear tate, Fig. Sb. However, this is not the case within the
C-alloyed variant, particularly when only considering the claddings with
minimal graphite content, In such instances, the macrohardness in-
creases but also the wear rate. When including the combined B and ©
alloyed claddings, then for the similar hardness of --530 HV10, the wear
rate ranges between 0.0173 4 0.0007 and 0.0306 + 00005 mm®/m.
Among the claddings investigated, those alloyved with B provide in
general the lowest wear rate, while those with C exhibdt the highest and
those jointly alloyed with both allow for medium wear tates. Thus,
supposedly the finer-distributed, but harder and smaller FeB and Fe-B
precipitates, seem to be more beneficial than the larger but softer
peravskite-type carbide precipitates PesAlC) . To answer the impact of
the micrestructural varintion more precisely, metallographic SEM cross-
sections and surface analyses of the worn claddings were conducted,
Fiy. .

All specimens show a homogenous wear along the individual phases
present. Especially the Balloyed clwddings exhibit no sign of severe
plastie deformation of the softer Fe;Al matrix as well as no indication for
materinl everlaps onto the harder FeB and FegB phases, Fig 9, The dark
spois within the corresponding surface SEM images (small insets in
Fig. 9} point towards the incorporation/adherence of abrasive material,
which due to the softer Feghl phase are essentially present only there
(their characterization and quantification will be presented in the next
paragraph). Next to the larger iron-borides, especially within the highest
B-alloved cladding, seane cracks can be identified in the cross-section,

The SEM investigations of the wear track of C-alloved claddings,
Fiy. %, de show indications of targer deformation than observed for the
B-alloyed ones. Here, especially around the large lameklar graphite re-
gions (Fiy, 9, break-outs can be identified explaining the higher wear
rate for these claddings (Fig S} Generally, the dark spots within the
corresponding surface SEM images decrease with increasing alloying
content (similar to the B-alloyed claddings). The combined alloying with
A and C also presents a somehow combined presentation within the SEM
investigations, Fig 9 The highest alloved cladding, Fe30all0BI0C,
exhibits almost ng break-out around the more nodule-like graphite re-
gions (Fig. 9), in-linme with the further reduced wear rate {upon
Increasing the alloying content), see Flg. Ba. Also here, the surface SEM
images present a reduced fraction of dark spots (indicative for the
incorporation of abrasive marerial) with Increasing alloying content,
These dark spots were identified as Si-rich parts. A guantification of the
surface 5i content, representing these incorporated or adherent quartz
abrasive particles was done at large ROLs within the wear track of each
speecimen (1. 100,

The surface Si-content, of the B-alloyed claddings significantly de-
creases from 3.4 4 0.7 o 0.8 = (L1 at.% upon increasing the B-content
from 5 to 10 at.%. For the 20 at.% B alloyed cladding, the Si-content is
even below the detection Hmit. This dependence as well as amount of the
surface Si content is very similar for the C as well as the combined B and
C alloyed claddings, as already Indicated by the surface SEM in-
vestigations. In general, higher alloying, thus higher hardness and
hardphase content, leads (o less incorporation/adherence of abrasive
imtor or onto the surface,

4. Discussion on microstructure - property relationships

In generitl, the hardness of & certain phase does Influence the abra-
sion resistance. However, the statement, the higher the hardness the
higher the wear resistance [51], is limited, Impaortant Is how the overall
microstructure performs, since hard phases easily could fracture,
debond from the surrounding, ar break-out [52]. This i nleely shown
here by the comparison of Fe30Al-based claddings alloved with Bor Cor
a combination of B and C. Among the solely B-alloyed claddings, the
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Flg. 10, Surface silicon content after wear tests ve, alloylng content,

statemnent is correct, while among the solely C-alloved claddings the
weidr rate increases with increasing overall hardness. Literature also
reports, that scratch hardness is o relevant indicator for the abrasion
behaviour of materials [53). However, within the tribosystem, a self-
protective, mechanically mixed layer (MML) can form, altering the
ongoing wear mechanisms. These changes, however, are not captured by
a single seratch event [54] as shown for differently strengthened iron
aluminide laser claddings in Refs. [5, 10].

Anather parameter freuently used to rate the abrasion resistance of
a material is the ratic between hardness and ¥Young's modulus, such as
H/E or HEAE [55]. While these can be helpful [55] they should be used
with caution, Factors such as metallurgical bonding of the individual
phases (eg., hardphases), their fraction and type obviously hugely in-
fuence impact-gbrasive conditions.

Pl 171 shows a comparison of wear rates for vanous commonly used

.08 +— s : e : e
0.06
E
£
gﬂm-
3 |
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i e rﬁﬂlfl”é
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Fig. 11, Wear mte of the developed ivon aluminide claddings compared to
other wear prodection solutions, red (FelrG-based claddings) [57], wequoise
{FelrC cladding) [549] and blue cobalt-based Stellite & [557.
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hardfacings and the best-performing iron-aluminides presented here. ALl
of these materials were tested with the same stamdardised ASTM G5 -
procedure A

Especially the Fe30AI20B outperforms other commonly used wear
protection solutions, such as the FeCrC-based as well as Stellite 6
hardfacings produced via plasma-transferred are welding (PTA)L Tyvpd-
cally, the wear rates of FeCro-hased claddings mnge from 0,007 mm’/m
to 024 + 0,001 mm®fm. The lower values are ohtained for the high-
alloved, complex hyper-cutectic FeCrWMoNbC (containing NbC and
CryCy) and the higher values are obtained for lower-alloyed hypo-
eulectic, martensitic FeCrC-types (containing lower amounts of NbC,
CrpCy, and CrysCs) [57,58]. The Stellite & PTA hardfacing exhibits the
highest wear rate among this comparison. The larger error bar origing
from different processing parameters [59]. The comparison further
showes that the strengrhened FeaAl-based eladdings developed here, are
competitive sustainable replacements for FeCrC-based, Ni- or Co-based
wear protection materlals [9,60,61].

5. Conclusions

To improve the wear resistance of iron aluminide claddings, which
are highly promising in terms of both sustainability and wear perfor
mance, Fe-based claddings with 30 at.% Al {corresponding to & Fegal
strscture) were strengthened through alloying with B, C, and a combi-
nation of B and C. The resulting microstructure from the laser metal
deposition process was found o be highly dependent on the carbon
content, with higher C levels leading to the formation of graphite.
Claddings alloved with 20 at% C form carbides and lamellar graphite.
However, when co-alloved with 10 at.% B, already at 10 at.% C, graphite
forms—though In 8 nodube-lke struciure—alongside carbides and
borides,

Mechanical testing revealed that the overall hardness of the Fe30Al
cladding, initially around 260 HV10, increased significantly with
alloving. Specifically, the addition of 20 ac.% B results in o hardness of
B13 & 9 HV10, while 10 a1.% C incréases the hardness to 500+ 5 HY10,
A combination of 10 at.% B and 10 at.% C vields a hardness of 530 + 34
HY 10, which i comparable to the cladding alloyed with 5 at% B and 5
at% C {527 + 13 HV10), where no graphite was detected. Nano-
Indentation tests further indicate that the borlde-type precipitates, with
hardness ranging from 9.7 to 11.4 GPa (FeB) to 14,1-25.0 GPa (FezB),
contribute more to the hardness increase than the perovskite-type car-
bides FeaAlCy ¢ amd FesAlC, which exhibil hardness values between 7.6
and 7.9 GPa, especially at larger sizes and fractions.

Abrasion tests conducted in accordance with ASTM G55 confirmed
[overall) the correlation between hardness and abrasion resistance in
these claddings. The best performance, indicated by the lowest abragion
rates, is given by the Fe30AI10B and Fe3DAI20B alloys, with abrasion
rates of 0.0133 mm*/m and 0.0024 mm?sm, respectively. Conversely,
the C-alloyed specimens yield higher abrasion rates (0.044-0.049 mm”/
m). However, wear resistance Is not solely determined by hardmess, as
demaonstrsted by the comparison of claddings alloyed with B or C alone
and those alioyed with both. Despite exhibiting similar macrohardness
vitlwes of —530 HVID, the wear mates of Fe30AI10C, Fe3DAISBSC,
Fe30Al1OBL0C, and Fe30ALLOE varied significantly, ranging from 0.043
b EL01 3 ™ m, This variation can be attributed o the sizge and fraction
of the hardphases, their metallurgical bond to the matrix 2 well as the
abllity to form mechanically mixed layers with the abrasive material,
These beneficial effects were most pronounced in the B-alloyed
claddings.

Overall, the results highlight thar boren-alloyed Fe30al-based clad-
dings, especially at high boron contents =10 ai.% B (Fe30AI108 and
FeZ0ALZ0R) or those combined with carbon (e.g., Fe30AI0B10C), offer
the most promising potential for sustainable wear protection.
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High-temperature abrasion of boron and carbon alloyed iron
aluminide claddings

H. Rojacz " @, P.H. Mayrhofer"®
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ABSTRAGT

Adding oron amd/or carbon to lron aluminkdes significantly enhances thelr hardness due o the fermation of addithonud borides angd carbides st thus the wear
resistance at ambient and high temperniure. Therefore, FesAl-based claddings alloyed with either 10 or 20 at.% B, 10 08.% C, or 0 combination of 10 ot.% B and 10 at.
% were developed wsing laser metal deposition (LMD, The microstructures and hod hardness of these claddings, tested up te 900 °C, were correlated with their
seraich resistance at 20 "C, 500 °C, and 700 C. The highest hardness levels among the claddings were achieved with Fe30al208 (20 a1 % B), featuring 813 + 9 HV10,
amcl Fe30AILOBLOC {10 at.% B and 10 at.% C), exhibiting 530 + 34 HV10. This can be attriboted to the formation of FegB in Fe30AI200 and perovskite-type PegAy, 4
in Fe30AITOB1OC within the FesAl matrix, Seratch results indicote, that claddings with 20 at% B (Fe30AI208) or a comblnation of 10 % B and 10 a4 ©
(FeAOAITDBI0C) feature the highest seratch resistance and therefore were selected for high-temperature abeasion tesis,

Here, Fe30AIZ0B exhihits stable wear rates of approximately 0.05 mm'm during modified ASTHM G65 tests using a steel wheel counterbody at 20 °C, 500 °C, and
700 . In comparisan, the wear rates of Fed0al10810C increased slightly, from 0045 mm®/m at 20 °C o abour 0,065 mm"/m ag 700 0, Here, larger, primary Fe,B-
type borides alongside smaller apes are more effective than combined perovskite-type FeaAlCy o carbitdes, smaller FepB borides, and graphite nodules as observed in
FeA0AIT BT,

Desplie these differences, both claddings demonstrate comparable or lower wear rates than traditional haedfacing materials based on FeCeG or NiCeG, while also

alfering the advantages of lower density and a reduced emvdronmental impact.

1. Introduction

Strengthened tron aluminide-based claddings show a good overall
pesformance at high temperatores (HT) [1]. Due to the brosd variety of
possible strengthening mechanisms and the resulting beneficial wear
behaviour, they ire predestined for their application as matrix or base
for wear protection used at room temperature (KT and HT [2,2]. Their
nutable corrosion/oxidation resistance at BT and HT is a further
advantage [4.5]. The low environmental impact of the educts as indi-
cated in different life cycle assessments [6,7] and by the chemical
element sustainability index [2] alongside their lghtweight festures
{additenally beneficial for sustainable materials 7], lead to & signifi-
cantly decreased envirommental fmpact compared 1o Co- and Ni-based
wear protection solutions [ 10].

irom aluminide-based coatlngs can be prepared via varlous tech-
nigues and on manifold substrates; thermal spraying, plasma spraying,
electric arc spraying, high velacity oxv fuel or detonation gun spraying
as well as laser cladding [11-13]). Laser metal deposition (LMD, laser
powder bed fusion or laser engineered net shaping are possible

This article is pari of o special isse entithed: WOM2025 published in Wear,
* Corresponding awthar.
E-mmail adelresi: iralel rojeen s se 2 (He Rojse),

ikt /S ihod, o T LLG 5w, 205 2015 G

laser-based techniques [14 16,

Toincrease the hkardness of iron aluminides, precipitation hardening,
solid solutlon hardening, and the formation binary and ternary inter-
metallic compounds is used [17]. The abrasion resistance can be
improved by 30 % due to golid solution hardening with 10 ac% of Ti,
Mo, and Nb each. Adding 5i even allows to increase the weiir resistance
up to B % compared to non-alloyed iron aluminides with FesAl-type
structure, promoting the formation of a mechanically mixed layer as
self-protection [18]. Also precipitation hardening with a max. of 3 at.%
Tl andd 6 an.% B (TiB; precipitations) as well as 5 at% C (formation of
perovskite-tvpe carbides FeaAlCs o) was found beneficial in a previous
study [15]. The hardness of those claddings are at a maximum of — 500
HV10 and therefore their abrasion resistance mainly origins from the
MML formation at high temperatures [ 15], Based on a pre-study at room
temperature with solely and combined boron and carbon alloying with a
significant improvement of the wear resistance within the ASTM Go5
test, promising candidates were found for high temperatures were found
with 10 a1.% and 20 at% B, 20 at.% C as well as 10 at% B and C
combined [14]. Here, carbon I used to precipitate earbides in FesAl

Heceived 7 Sepeember 2024; Received in revised form 22 January 2025; Accepied 28 Japuary 2025
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0043-1 64840 2025 Elsevier BV All rights are reserved, including those for text and data mining, Al training, amd dSmilar technologies.
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[20], where perovskite-type carbides of the type FesAICy 5 to FesAlLC are
formed, depending on the carbon content [21,22]. Adding solely B
causes the formation of ron borides of the type FeaBl or Fell (depending
on the respective processing) under concomitant significant hardness
Inerease up o —1350 HY10 [29,24], The formed carbides and borides
with their respective  high  hardness combined with an  fron
aluminide-based matrix shall provide a good base for wear protection
claddings since these precipitations are known to increase the hardness
and wear resistance of iron aluminide-based alloys significantly (as
shown for sintered specimens In [25]. Since the Influence of the
microstructure on the wear-behaviour and -resistance of materials is
evident, and the materials are Intended as wear protection in abrasive
environments, scratch testing can be a valuable ool 10 compare mate-
rinls. Seratch testing simulates the interaction of a material with a single
abrasive particle by dragging an Indenter on a surface with a defined
load [2]. From the scratch topography the so-called scratch hardness
Hs can be derived, which may indicate a relative wear resistance (eq.
1 13), where P is the load, w the width of the remaining scratch at this
load [27].
8P

Hs e e 1.0

Contrary to the quasi-static hardness measurement, the scratch
hardness involves the response to the dynamic abrasive load simulated
by the relative movement during scratching, The evaluation of the wear
tracks further gives valuable information for example the prevailing
wear mechanisms |28 20] and the eritical loads leading to cracking of
the respective hardphases [21]. Further analyses may reveal micro-
structural changes due to seratching [32].

To show the influence of carbides and borides on the HT abrasive
wear, HT abrasion tests were performed alongside a pre-selection of the
matertals via HT seratch testing on the hardphase stability, elucidating
the feasibility of boride- and carbide rich cliddings Fe30AR20B as well as
Fed30AITOB10C. Therefore, a thorough study on the claddings” micro-
structure including SEM/EDS, EBSD and XRD was performed, To show
the hardness decrease at elevated tempersture, hot hardness tests were
pesformed, Post-test analysis of the wear tracks and their metallographic
cruss sections were performed to identify wear mechanisms in a greater
detail. Finally, to show their performance in relation to other materials
tested on the same rig, wear mte comparisons are made, showing that
both iron aluminide claddings presented are promising candidates for
HT wer predection.

2. Experimental

The parameters {feed-stock powder as well as loser setups) used for
preparing the B-, €, and B + C-alloyed claddings vla laser metal
deposition (LMD} are reported in detail in [19]. Here, we focus on four
claddings, Fe30AII0B, Fe30AlZ0B, FelOAllOC, and Fe30AlI0BLOC,
cbstavinied by alloving the PesAl-based cladding with 10 a1% B, 20 at% B,
10 at¥ C, and & combination of 10 at% B with 10 at% C. The iron and
aluminlum powders had an average particle size of 45-90 pm, the
grisphite powder was <75 pm, and the ferroboron had 100-325 pm. The
powders were manually mixed in isopropyl alcohol ind masked o &
thickness of 3.2 mm powder bed, After drving in a drying cabinet at
120 “C for 1 h, substrates with powder tracks were prehested to 400 °C
and LMD was performed with a 24 mm = 3 mm lens system at the given
parameters, Tubbe 1,

The claddings’ microstructures were investigated with a cross-beam
scanning electron microscope (SEM, Jeod JIB-A7T00F Jeol Corp, JP), a
Bruker X-Flash &|30 energy dispersive X-ray speciroscopy {EDS) detec-
tor, and & Bruker e-Flash HR electron backscatter diffractlon (EBSD)
detector (both Bruker Corp., USA) using metallographic cross-sections
with the preparation routine presented in [13]. Their individoal pha-
ses were determingd using the Esprit 2,2 software (Bruker Corp,, USA)
and the phases listed in American Mineralogist Crystal Structure

Harald Rojacz
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Table 1
Maminal chemical composition [af.%] of the claddings investigated on param-
eters used for laser meta] deposition,

Same Chemnical composition  Laser metal deposition paranseser
|1.%4]
Fe Al B < Laser Energy Scarming
power densiny speed [mmy
1w} [EE e T
Feldowliog ol 3 10 SO pitea 38
FeamAlz0a =0 3 20 - SHHY 3Z.14 35
Fedth] 1 0B 0 il 30 10 Ml AT Pk 45
Fad oAl L 30 - m Ay 2T hd 35

Dt base (AMSIR) a5 well as The Materfals Project [14], Additonally,
X-ray diffraction (XRD) was conducted, using an Empyrean diffrac-
tometer (Malvern Panalytical GmbH, GER) with a Cu-Ko source
{wavelength = 1.54 A, powered with 45 kV and 40 mA) in
Bragg-Brentano geometry [ 19].

Hot hardness and WY scrateh tests were performed with the high.
temperature harsh environment test fig (HT-HETT) [35]. At 20 °C and
every 100 "C up 1o 900 "C Vickers Indents with 98.1 N normal load
[HWV10) were made under low vacuem conditions (5 indentations at each
temperature). The indents are measured after cooling to obtain the
Vickers hardness valwes, This device was also used for HT scratch testing
with a Rockwell diamond tip (tip radius of 200 pm), a relative velocity of
10 mm/min, and Incressing loads from 10 N o 500 N at 20 °C, 500 °C,
and 704 *C, Three scratches per temperature and cladding were made 1o
characterize governing wear mechanisms and the threshold Load for chip
formation, as well as seratch hardness at 100 N load calculated using eq.
(1) and the scratch wideh.

Abrasion tests were performed with a modified ASTM G605 abrasion
test, suitable for high temperatures [36], where silica sand is brought
into the frictional contact between a rotating steel wheel and the sample,
which is pressed against the wheel with a defined force. The parameters
used are summarised in Table 2.

After the test, the wear track surfaces were again analysed via SEM
and EDS to evaluate ongoing wear mechanisms and the possible for-
mation of mechantcally mixed layers [36].  Metallogeaphic
cross-sections were prepared in the middle of the wear track perpen-
dicular to the wear direction.

3. Results and discussion
3.1, Microstructure and hot hardess

The claddings generally show o homogenous appearance for all
chemical variants investigated, without any segregations or in-
homogeneities ag summarised in our pre-study [19], The formation of
iron borides Feo® can be shown for Fe30ALT0B, Fe30AI20B, as well as
Fe30AIIOBRI0C, which also contalns the perovskite-type  earhide
FesAlCy e The solely Calloved cladding, Fe30AIOC, features the
C-richer perovskite type carbide FesARC corresponding to the phase di-
agrams [21,37].

SEM cross-sectional analyses as well as respective EBSD phase maps,
Fig. 1, highlight a dendritic microstructure for the 10 ar% B alloyed
cladiding Fe30AI108, There, nesdle-shaped precipitations of —30 % FeaB

Tahle 2
Parameter — HT-abrasion tess,
Lad aan
Befmtive welocity I mss
Hiding distance &l m
Abrosive Ootmwa sand! {silica « 212300 pm)
Abrostve [Tow rare 180 g/min
Wheel Wlnriensitee, wear resistant steel (Handox 4000
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Fig. 1. 5EM cross-sectional analyses inclisding ERSD phase maps (inserts),

{teteagonal P4/mmm} are formed within the FesAl matrix, The B-richer
cladding, Fe30AI208, holds arcund 60 % FezB (next to the 40 % FeyAll,
present in roughly two size-categories (coarse and fine), The Fe3d0All 0C
cladding containg ~60 % of FeyAlC alongside needle-shaped FegAl
graing (—25-40 pm length and <5 pm width), The B and C alloyed
cladding, Fe30AIMOB10C, contalns borides and carbides-despite the
thermo-dynamic possibility of forming ron carboborides [78] and
graphite nodules. The individual phase content for Fe30AIL0BLOC is
—5-B% graphite, —40 % FeAIC, 5, —40 % FezAl and —10 % FesB, The
respective phases were confirmed via XRD, as previously presented in
[19].

Alloying with 10 and 20 at% boron causes an increase of the RT
hardness from 264 £ 13 HVI0 (FesAl cladding [2]) 1o 517 4+ 1TTHVIO
and 813 + 9 HV10, respectively, see Fip. 2. The hardness gain is basi-
cally due to the high vol-fraction of harder FezB-type borides, which
exhibit 25,0 £ 4.9 GPa for the coarser ones and —11.5 GPa for the fner
ones [19]. The B + C-alloyed cladding, Fe30AI108100C, provides 530 +
33 HV10 at BT, and the solely C-alloyed one, Fe30A110C, has 501 + 5
HV10, with the perowvskite-type carbides providing 7.9-8.2 GPa [19].
The FeaAl matrix itself provides about 4.5-5.1 GPa, without a clear
varigtion due o the B or C alloving [19]. The Fel0AI20B cladding is
clearly the hardest but also its decling with increasing temperature is
most pronounced, Flg. 2. Anyhow, even at 900 “C it is still the hardest
cladding with—220 HV1 0, while the athers declined from — 500 HY 10 at
20 °C to ~100 HV10, Especiglly above 600 “C, where the DO; ordered
FeyAl phase ransforms 1o the B2.FeAl phase, the decline in hardmess is
maore propounced for all claddings investigated [2,29].

Harald Rojacz
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Fig. 2. Hot hardness of all claddings investigated.

3.2, High-temperatwre scraich befaviour

The cladding with 10 at.% B, Fe30AI10B, shows chip formation at
high load levels ar room temperature (Flg. 3a1). Significant deforma-
tion, minor overtaps but mostly microploughing can be pointed out
below the threshold load (TL) for beginning chip formation, The lowered
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Fig. 3, Microscopical analysis of scratches on the Balloyed claddings; light optical overview amd SEM detail of the respective anen as morked vellow: a) Fe30ATTE,
b} Fe30ALR0R. (For interpretation of the references to colour in this figure kegend, the reader i referred to the Web wersion of this article.)

mechanical szability a1 higher temperatures cause an eaclier ransiton
from ploughing to cutting (Fix. 3a2), with increased cracking at 500 °C
as well as 700 “C [30]. The higher-B containing cladding Fe30AIZ0R is
mare brittle with a transition from ploughing to cutting at higher tem-
peratures, but visible cracking, especially on the ridges especially at
20 ", At higher temperatures, the TL is lower but stlll eracking on the
ridges and of the hardphases as well as around them is present.

Harald Rojacz

A more ductile behaviour §s provided by Fe30AITOB10C, Fiy. Ja
Here, the perovskitetype hardphases combined with the FesB borides
reveal a high stability at room temperature and 500 "C, where active
chip formation is: observed only ot high loads {(Fig. 4a1 ond 02} At
F00 “C, where the matrix phase changed from FeqAl to FeAl and thus a
lower mechanical support is provided-an easier chip removal from the
material is present. The solely C-alloved cladding, Fe30A110C, responds
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Fig. 4. Micrascopical analysis of scratches on the B 1 C and C-alloyed claddings light optical overview and SEM detail of the respective aren as marloed wellow: &)
Fe30ANOBIOC, b) Fe30AI10C. (For interpretation of the references to colour In this figure legend, the reader |s referred to the Web version of this article. }

basically ductile (Fiy k), with the perovskite-type FesAlCgs not
providing sufficient protection against scratching, leading to chip for-
mation at comparatively low loads (i 4b1-3). Within the seratch,
major deformation as well as material overlaps, and chip formation can
be sean ar all temperatures investigated.

The temperature-dependent TL for beginning chip formation as well
as the seratch hardness, Fig. 5a and b, respectively, are generally highest
for Fe30AI20B, Lowest scratch stability, as represented by the lowest TL

Harald Rojacz

(and seratch hardness), b featured by the solely C-alloved cladding
Fe30A110C. Despite similar hot hardness, the TL values are only 95 + 4
N {20 °C), 71 £ 6N (500 "C)and 101 + 10 N (7007 C), but with almaost
no temperature dependence.

The seratch hardness, iy Sh, corresponds quite well 1o the hot
hardness and the vield strength over temperature of typical iron alue-
minides as presented in [410]. As shown In the figure, Fe30A1208 exhibits
the highest scratch bardness levels at all temperatures with 8.5 £ 0.4
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Fig. 5 Quantitative scratch resules a) Threshold load for beginning chip far-
mation vs, temperature, b Seratch hardness vs. emperanure.

GPa at 20 °C, 7.9 & 0.2 GPa ar 500 “C, and 6.3 + 0.5 GPa at 700 °C
Second in this rating would be Fe30A110B1 0C, third Fe30AI10B, and last
Fe3NAIDC,

The wear behaviour as well as the scratch hardness and threshold
load for beginning chip  formation, present  Fe30ALZ0B - and
Fe30AINDBI0C s candidates for further HT abrasion tests.

3.3 High-temperature abrasion

The guantitative wear results for the selected claddings Fe30AL208
and FedDAITOBLOC, Fiy. 6, reveal comparatively bow BT values of 0,052
+ 0002 mm'/m (Fe30AI20B) and 0047 = 0.001 mm'/m
{Fe3OAITOBIOC) These incréase to 0061 + 0.001 mm"Ym for
Fe30A120B and 0.065 + 0.003 mm?*/m for Fe30Al10B10C at 500 C, and
0,052 4+ 0.002 and 0.065 £ 0,000 a1 700 "C, respectively,

SEM investigations of the wear track surface and metallographic
criss-sections, Fig. 7, exhibit differences between them, especially with
respect to their ability of forming self-protective mechanically mixed
layers (MML). Generally, these investigations show that the Incorpora-
tion of abrasive matter increases with increasing temperature, Ar 20 °C
comparatively low amounts of abrasive material are incorporated, and
the coverage of the surface with abrasive is higher for Fe30AITOB10C
{~16 %) than for Fe30AI208 (~9 %), resulting in lower wear rates for
FeR0ANOBIOC, At 500 “C, more sbrasive material is incorporated with
roughly 35 % for Fe30A110B10C and 25 % for Fe30A1208, At 700 °C, the

Harald Rojacz
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Fig. 6, Wear rates of the claddings obained by the high-tempesature contin-
wmas abrasion test (HT-CATT,

Fe30A110B10C exhibits a uniform incorporation of abrasive material
{—53 % coverage) with slightly less for FedDAIZ0B, see the insets of
Fiz. 7.
The solely boron alloved variant Fe30AIZ0B features over &0 %
hardphase content (mostly of FezB typel ind this the formation of MML
is lower at all temperatures than for FedOAITOB10C. Due to the
decreasing mechanical support from the matrix on the iron borides at
high temperatures (500 “C and 700 “C) an increased hardphase
eracking, even down to 50 pm depth can be pointed out, e 7, The
Fe30AIDB10C cladding, with its typically finer borides and carbides, is
less sensible for such cracking of the hardphases. The weak link in this
cladding is the nodular graphite, with massive deformation around
them, materials overlaps and eracks, which is also responsible for the
increased abrasion at 500 °C and 700 “C as compared to Fe30ALZ0E, see
Flg. 6. To discuss the influence of microstructural features on the wear
behaviour of the claddings, materials parameters (hot harcdmess, phase
hardness, scratch hardness, threshold load) snd wear-relared mecha-
nisms (MML formation as represented by the surface 5i content) ane
discussed within the following section,

4, Discussion

The cladding's microstructure strongly influences the material’s
properties and thus the resulting abrasion behaviour at all temperatres
tested. In general, the hardness of a certain phase does influence the
abrasion resistance. Usually, the higher the hardness the higher the wear
resistance [11], but this statement has its certain limitations. The scratch
hardness is one further indicator relevant for the abrasion behaviour of
materials [2,42], where in Ref, [2], hardness, threshold load for begin-
ning chip formation, and scratch hardness is used to rank iron aluminide
claddings with respect to thelr wear resistance. These three parameters
are correlated with each other in Fig, S, b, and c

There, the hardness correlates well with the scratch hardness,
Fig. Ba, The higher the hardmess ot the respective temperature, the
higher the scratch hardness. For the boride containing cleddings,
Fe3DANDR, Fe3NAIZ0R, and FeIIAITOBRIC, a similar trend from hard-
ness on the scratch hardness can be seen ranging from —5 o 6 GPa
scratch hardness at <300 HV10 (700 “C) up to B-9 GPa scratch hardness
at hot hardness levels —600-200 HV10, indicating a broad variation
originating from the phases present, not the hardness itself.

The influence of the hardness on the threshold load for beginning
chip formation is pronounced for the three boron containing claddings
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Fig. 7. SEM analyses of the wear trracks — on the surface (insert) and in cross-sections; phases marked at 20 °C valid for all images of the respective claddings; the

arrows indicace the dirsction of relative motion,

as well (see Fig. @b}, The higher the hardness, so the resistance against
plastic indentation, the higher the resistance against chip formation. No
proper mathematical relation can be found, but there is evidence of a
higher threshold load at higher hardness levels, despite & high scatter.
Solely Fe20A110C does net follow a certain trend; here, the low hardness
of the perovskite-type carbides FesAlC) s combined with changes in the
FezAl phase above —500 “C (ransformation to FeAl [40] may lead 1o
this anomaly.

Platting the seratch hardness against the threshold loads for all
materials docs lead to a similar result for Fe30AI20B  and
Fe30Al10B10C, with a nearly lnear trend. For Fea0All 0B, a stgnificant
reduction of the threshold load can be seen from 20 °C wo 500 “C (350
N to approx. 150 N). Thiz may be attributed by the decreaged mechan-
ical support of FeAl/FesAl at 500 “C on the comparatively fine FoB
barides. Sinee both eladdings with the highest stability, Fe30AI208 and
Fea0Al 10B1C, were chosen for further abrasion test investigations, their
three parameters are plotted against thelr wear rate, 15, 9.

Fig. % clearly shows that there is littde comrelation (if any) between
the wear rate and these three parameters of overall hardness, serateh
hardness, as well as threshold load, In general tendency, lower hardness
(Fig. 9a), scratch hardmess (Flg. 9b), as well as threshold load for
beginning chlp formation (7. 9¢) leads to higher wear rates. This
statemnent misses the impact of the formation of &8 mechanically mixed
layer and the phases present, the mechanical support from the matrix
onto the hard phases, as well as hard phase fracture. Thus, it can be said
that no clear trend ean be predicted by either, hardness, seraich

Harald Rojacz

hardness, or threshold load since they only represent a single event and
do not consider strain hardening effects or the formation of a mechan-
ically mixed lavers, which enhance the self-protection of a surface
against abrasive wear [43].

However, the developed FegAl-based B, C, or B + C strengthened
claddings provide promising wear data (Fig. 10}, making them suitable
as pessible, sustainable replacements for FeCrC-hased, Ni-or Co-based
wear protection [6,7,10]. They provide comparable or better wear
rates, when tested [n high-stress and high-temperature comditions. As
presented in Fig. |0, the wear rates of both iron aluminide claddings
(FedDAIZOB and Fe30AI0BIC) range from —0L045 to (LDGS mm™m at
S00-700 “C. Thus, they outperform white cast irons (FeCrC-cast) at
7o “C [43]. Alse, hyperevtectic FeCrC-based claddings with re.
fractories added (Mo, ¥, Nb} and WC-strengthened claddings are out-
perfarmed at 500 °C with wear rates of 0.07-0.08 mm®/m a1 elevated
temperatures [449]. They compete with the cobalt-based Stellite 21 as
well as with CryCo-MNICr thermal spray coating [45], bui with the
advantage of o significantly reduced environmental impact [10].

5. Conclusions

This study investigates the high-temperatire weir pecformance of
various B and/or C-strengthened FejAl-based claddings, produced by
laser medal deposition, 1o evaluate thelr potential as wear protection
splutions. Among the claddings, the highest hardness levels were ach-
jeved with Fe20AI208 (20 at.% B), which reached B13 = 9 HV10, and
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Fe30AIQRIOC (10 ar% B and 10 ar.% CJ, exhibiting 530 + 34 HV1O,
The increased hardness, compared to FesAl, is attributed to the forma-
tion of FesB in FedOAI20B and perowskite-fype FeaAlChys i
Fe3DAILOB10C within the FesAl matrix.
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alon condinons ar 20 °C, 500 “C and 700 °C; dain from [47-44); * was
extrapalated.

Scratch tests conducted at 20 °C, 500 “C, and 700 "C revealed that
Fe3DAIZ0R malntains a nearly constant threshold load for ehip forma-
tion across all temperatures, while Fe30AIT0B10C exhibits the highest
threshaold loads ag 500°C (312 4 8 N)and 700 "C (158 £ 5 N) due to the
combined presence of FesAlCy s and FesB phases. Fe30AI208 demon-
strated the highest scrateh hardness aeross all temperatures, with
Fed0alloB10C following closely behind. Both seratch hardness and hot
hardness resufts underscore the superior performance of Fe30A1208 and
FeAOAIGR10C claddings,

The abrasive wear rates at room temperafure (BT} were 0L052 +
0,02 mm*m for Fe3DAIZ0E and 0047 + 0001 mm'Ym for
Fe30AI10B10C. As the temperature increased, the wear rates slightly
imcreased to 0,061 + 0001 aumm at 500 °C and 0,032 + 0,002 mm™/
m at 700 °C for Fe30AI208, and to 0.065 + 0.003 mm/m at 500 "C and
0.065 o4 0,001 mmm at 700 “C for Fe30AITOB1OC. Scanning electron
microscopy studies conducted after the sbrasion tests revealed that
abrasive materlal becomes embedded In surface-near reglons, Faetll-
tating the formation of a sclf-protective mechanically mixed laver
(MML), which Is particularly effeciive for Fe30AIZ0B. In contrast,
Fe30AILOBLO0C exhibited fewer cracks during high-temperature abra-
aion tests, likely due oo its finer microstrocture, featuring smaller FeqB
precipitates and perovskite-type FosAlCh e

Correlation plots of scratch hardness, threshold load for ehip for-
mation, amd hot bardness indicate that higher values of these parameters
are penerally associated with lower wear rates. However, eritical factors
affecting wear mates—such as mechanically mixed layer formation,
fracture of hard phases, and work hardening—are not fully captured by
thess parameters, preventing the establishment of a clear mathematical
correlption.

In conclesion, FegAl-based claddings alloyed with B, C, or & combi-
nation of both are readily processable wia laser cladding, However,
carbon contents above 10 aL% may resull in porosity and surface
frothing due to carbon oxidation during the process. Notably, the B-
alloyed eladding Fe30AI208 achleves wear rates of —0.052-0.065 mm™/
m. oulperforming or matchable to commonly used wear protection
materials such as FeCrC-based hardfacings or cast claddings
{~0.04-0.08 mm*/m), as well as Stellites (—0.05-0.06 mm™/m). This

Harald Rojacz
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highlights the suitability of B- and B = C-alloved iron aluminide clisd-
dings for high-temperature wear protection, with the added ecological
advantage of svoiding elements like Co, Cr, and Ni,
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High-temperature wear performance of hardmetal scrap reinforced iron
aluminide claddings

H. Rojacz ™ @, K. Pichelbauer”, M. Varga'®, P.H, Mayrhofer @

*ACET recearch G, Vikror-Caplon-Serafe 200, Wisser Neuctady, Ausinis
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ABRSETRACT

With 3 % of the world's energy consumption devoted to re-manufacturing wom pans, susiainable alternatives utilizing recycled materials are Increasingly crucial
Ironr alumtinides, known for their mechanical stability up 1o 600 “C, present themselves as promising substitates for Co- &nd Ni-based claddings in high-temperature
applications. In this study, we enhance the performance of laser metal deposted FeqAl-based claddings by incorperating recycled hardmetal scrap, with average
particle sizes of 300 and 500 ym and Co contents of 4-8 wits,

Our investigations reveal a significant inerease in hardness, from approximately 270 HV10 (FesAl-base) to 757 + 12 HV10 with the sddition of 50 vol% hardmetal
scrap. This improvement is dise to the presence of W W20 phases, which exhibit hardmess levels of 31.3-38,1 GPp or 19.2-24.9 GPa respectively, concomitant with
the increased hiardness of the FesAl-based matrix, schieving 6.8-7.6 GFa. Notably, this cladding maintains a hot hardness of 500 + 62 HV10 ac 600 “C and dem-
onstrales an abrasive wear resistance of 0.0391 £ 0.0004 mm®/mm at 20 °C and (L0466 40,0003 mmfm at 700 C during high-stress and 0,007 & 0001 mm’/m at
20 °C during low-stress abrasion tests, Thereby, outperforming FeCrl-based as well as reinforced Ni- and Co-based hardfacings across the temperatures and abrasion
misdes tested (Foom temperaiuse, 500 °C, and 700 “Ch

DOur findings dermmstrate that incorporating hardmetal srap inlg FeyAl-based claddings enables the development of high- performance hardfacings with reduced

envircnmental impact,

1. Introduction

fron aluminide-based materials provide beneficial properties for
high-temperature (HT) applications [ 1], such as mechanical stability up
vo B0 G 2], excellent HT corrosion and oxidation resistance [3,1], as
well as good wear resistance when strengthened [5]1. Reinforcing
FegAl-based claddings through varlous alloying strategies further Im-
proves their hardness and wear resistance, especially for HT applica-
tions. For example, the addition of € and B allows for the formation of
beneficial  carbides  and  borides  [58],  specifically  forming
perovskite-type carbides Fe4AlC . or borides of the type FeB/FeqB upon
alloying to FeyAl-based claddings [911]. When additionally alloying
also B- and C-affine elements such as Ti or Zr, corresponding carbides or
borides precipitate, e.g. Tib; or ZrBs [5.12].

Purther possibilities to increase the wear resistance of iron
aluminide-bazed claddings is the addition of hardphases such as WC and
Wil Various studies presemt iron aluminides as a good alternative
binder phase, suitable for sintering, liquid phase sintering, hot pressing,
a3 well & additive manufacturing due o the good wetting behaviour

This articke is part of a special issue entided; WOM2025 published in Wear,
* Correspinding autlor:
E-mafl address: hambd rojsceirac 2ot (H. Raojacz),

g donorgd D0, 100 &0, wear, 20035 205807

and bonding between iren aluminides and WC [173]. In addition to these,
also laser processing of iron aluminides and their C and B strengthensd
viriants is reported [8], There are only a few studies about laser metal
deposition (LMD) of iron aluminide claddings reinforced with WC [14,
15], and these use significantly small laser spot sizes, laser energy
densities, and lower contents of WC than we do here. lron
aluminide-based metal matrix composites (MMCs) ceinforced with
AlaOg, TIC [16], or WE [17-14] easily outperform FesAl and classical
Co-based hardmetals in terms of wear resistance. Although these studies
highlight the potential of iron aluminide-based MMCs as wear protec.
tion, they lack for standard three-body abrasion data, for which the
ASTM (65 dry sand/rubber wheel test [20] became a siandard,
High-temperature abrasion data up to 700 “C can be achicved via a
modified ASTM (65 test utilizing a steel wheel as counterbody [21- 23],

Iron aluminides do not only have a good mechanical stability at HT
due to their intermetallic nature but also a promising HT wear resistance
when sirengthened [5,24], In combination with their significantly lower
ecological impact compared to Co and Ni [25-27]—the classical binder
for hardmetals—this study provides an insight to the materials

Tecedved 5 Seprember 2024; Received In revised form 17 December 2024; Accepted 9 January 2005

Available anline 31 January 2025

G043-16480 2025 Elsevier BV, All rights are peserved, including thase for text and data mining, Al training, and similar technologles.
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Fig. 1. SEM overview image of a) HMS™ and b) HMS™" witl 300 and 500 pm average particle siees used for the claddings.

Table 1

Averaged chemial composition in wi of the hardmetal scraps HME™M™ ame
HMS™™, with an average paricle size of 300 and 500 um, used for the
clnddlimgs.

Clement At HMs™™
W 7553 T4-00
c 6-12 5-13
Ca a7 4B
m 0-2 [V}
or -2 0-z
Fe -2 o2
o (=] 0-5
Table 2

Laser metal depostrion (LMD} paraeneters. The power demsity was cabeulaned via
thr laser power and the laser spot size; the energy dersity is based on the laser
power, relative veloclty and laser spot slze considering 54 % absorption [35],
and the intetnction time i the mto of laser spot size width and the relative
welocity [36],

Mami  HMS- Nelagive Lasei Priwer ERErgy |t o
acdkditinn veboeily T dleniity dermily IEme
[mm./sf W] [ I
mn'] mm?]
Imf B0 velts 12 k1] 41.25 1181 05
1 af
HME™
Clml S val% fH S 7.5 0,25 350
2 of
TN
o 50 vty 1 MM 650 b ] 130
2 i
HME™
Table 3
Parameters for the performed abrasion tests,
Parameiar Oy sared/Tubber-whosd wesss Dy sand/soed- wheel tess
oy boad 130 ab N
Selmive velociny 1imyds 1 ms
Abrasiv Stamdard Onmwn jpasme Btnmndard Dntawa gquarce
sinnud san]
Afrusive fTow 350 yrmin 180 £ min
Toml ity dignze 1436 m & m
Temperaming b1 u R o4 20, 500 O AHE 0

Ahraiod ok Lav-zIresn High-saress
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development for high wear resistance and with low environmental
impact. To additionally support the Latter, the hardphases nsed are from
recycled hardmetal serap (HMS), thus combining the low ecological
Impact of the ren aluminide feedstock with that of a recyeled hardmetal
scrap. Several reports highlight the good suitability of HMS for various
coating technologies such as thermal spraying [25,249], flame spraying,
fuse as well as high-velocity oxy-fuel spraying [30], plasma-transferred
are welding [11,32], and manual are welding [33]. The matrices (FeCrC
and NiCrC) used for developing different MMCs with such HMS [28-33]
provide a good mateh, resulting in low wear rates,

Imspired by these studies and the good wettability and metallurgical
bonding berween iron aluminides and fungsten carbides [13] we
developed HMS reinforced iron aluminide-based laser claddings and
studied their wear performance. These claddings were prepared by LMD
using a mixture of Fe with 30 at.% Al {to allow the formation of the
intermetallic phase Feqal [L0]), which is reinforced with either 30 or 50
vl of HMS, In addition to using 300-pm-sized HMS powder for thess,
the cladding with 50 vol% HMS was also prepared with a 500-pum-zized
powder, Thus, three different claddings are compared with eich other
for their microstructure wsing scanning electron microscopy (SEM]),
energy-dispersive X-ray spectroscopy (EDSE and eleciron backscarter
diffraction (EBSDY), mechanical properties using nanoindentation and
hot hardness measurements, as well as wear resistance using the
modified ASTM Co5 test [22,23], The wear resistance was extracted
from room temperature (RT) tests with low- and high-stress abrasion
Inading and ar 500 'C and 700 "C with high-stress abrasion loading.
These were additionally compared with results reported for ather
important hardfacing materials such as FeCrC-based, Co-based (Stellite
21}, CraCa-NiCr, and NiCrBSi-WC.

2. Materials and methods
21, Metal powder feedstock and recyeled hardmetal sorap

As metal powder feedstock Tron and aluminium powders (=099 %
purity} with grain sizes of 40-90 ym were used. The recveled hardmetal
serap was produced via disintegration milling described in [34], where
the average roundness (ratio between particle surface and that of a
perfect sphere for the same volume) of the pacticles is 1.2-1.8 and the
aspect ratio (largest-to-smallest diameter) is 1.2-1.6. The two particle
fractions clissified as HSM™ and HSME™ (Fig. 1) have a size distri-
bution of 125-350 ym and 250-500 pym, respectively, determined via
sieving, After the disintegration process, the powders were cleaned with
concentrated sulphuric acid to remove eny oxides and contaminants,
then rinsed with water and isopropyl alcohol.
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Fig. 2. BSE-SEM Images of the cross sections of a) Clad 1 (30 vol%s HMS™, b) Clad 2 (50 volls HMS™), and ©) Clad 3 (50 vol% HMS™™) with detalls glven (m al),

bB1), and 1) in the bottom row,
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Fig. 3, Distribution diagram of the inter-particle distance as obmined from 20
measuring Hnes each.

Thelr average chemical composition, with minlmum and maximum
values as quantified by EDS via respective area scans of over 20 particles
ig given in Table 1,

2.2 Loser metal deposition
The HMS-containing FesAl-based MME claddings were prepared
with LMD implementing the pre-pleced powder method, Three different

claddings were prepared with a varlatbon In volume fraction (30 and 50
Y%} and average particle size (300 and 500 pm) of the added HMS, The

Harald Rojacz

addition of the 300-pm-sized particles with 30 and 50 vol% leads to Clad
1 and 2, respectively, while Clad 3 holds 50 vol% of the S500-pm-sized
HMS. The parameters for their preparation are summarized in Talle 2,
In order to achicve reproducible cladding thicknesses, the powder
mixtures {according o the intended chemistry and 0.2 g isopropyl
alcohol per g powder, thoroughly mixed per hand for 10 min) were
masked to 26 mm width and 3.2 mm height on a steel sheet substrate
(5235 JR or 1,0038), This substrate was chosen based on its lew alloying
content (o minimize interference with the cladding), sufficient me-
chanical strength, and thermal stability.

The masked pre-placed powder mixture was dried in a chamber at
120 “C for 30 min, pre-heated to 200 *C for another 60 min in a lab-scale
furmace and then laser melted using a HighLighs 100000 laser system
(Coherent, Inc., USA). The rectangular laser beam of 24 mm = 3 mm was
thlted 107 from the surface pormal, moved with 8-12 mmds, and pow-
ered at 6300 W or 9000 W ke achieve the lowest possible dilution with
the substrate while ensuring sufficient melting of the powder. The
higher laser power of 2000 W was beneficlal for the claddings con-
taining 50 vol% of HMS. The thereby obtained average dilution of ~23
U was compensated for (o achieve the FeaAl matrix phase. For each
composition, 10 cladding tracks with 100 mm length were prepared.

23, Microstructiral end mecharical analyses

Metallographic cross-sections were prepared by cutting specimens of
10 « 15 » 5 mm from the claddings within a lab-scale machine under
liquid cooling 1o prevent microstructural changes, These specimens
were embedded in a conductive and edge retaining hot mount, ground
and polished down to 1 pm dlamond suspension, and finish-polished
with an alumina suspension (< 0.2 pm}. Further details on the metallo-
graphic routine and embedding are given in [37].

These eross-sections were studled with an SEM (Jeal- 110 4700 F, Jeol
Led, P} eqquipped with an EDS (Bruker X-flash 6[30, Bruker Corp., USA,
15 kY acceleratlon voltage and oprimised beam current), and by EBSD
(Bruker X-flash HR, 30 kV scceleration voltage -and 1.2 nA beam
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current). The necessary Kikuchi patterns were acquired for 40 ms at a
resolution of 400 « 320 px ar different reghons of interest (KO0 and
different magnifications. The inter-particle distance L between the
hardphases was determined via the line method [258] using 20 lines.

Nanodmdentation [ Briker Hysitron T1 950, Bruker Carmp., 'I..".':'A} WS
performed on the metallographic specimens with a dismond Berkovich
indenter with loading and unloading within 5 s and a holding time of 2 5
at the peak load of 1000 pN. The hardness of the individual phases
proesent was evaluated from the peak load and the respective indentation
area, and thelr Young's modull was obtained via the Oliver-Pharr-
methad [29], The values presented are obtained by statistically evalu-
ated data from at least 20 indentations,

Hat hardness measurements were conducted using a high-tempes-
ature-harsh environment tester (HT-HETT [40]) on 69 = 25 = 10 mm
samples with the cladding surface plane-ground and polished. The
Vickers hardness testing was performed at a load of 98.1 N (HV 10] In a
low wacuum chamber every 100 °C during heating from room temper-
ature to 300 "G, The five indents per measuring temperature were
evaluated via light optical microscopy after the cooling down eycle,

2.4, Abiragion tests
Three-body abrasion tests of the claddings were performed under

loww-gtress conditions (dey rubber-wheel 1es1 according to ASTM G645 -
procedure B) [20] and high-stress conditions (steel-wheel test within a

Harald Rojacz

modified G65 test for high-tempernture testing) [22,23]. The testing
procedure of Introducing the abrasive between a rotating wheel and the
sample pressed against it with a certain bowd is similar for both cases,
with the parameters summarized in Tobic 3, Each cladding was tested
theae Times [T comdition, To compensale for the sig:lmi;:tl“]}' |'|:i:.:|:‘|r.r
wear rates at 300 and 700 °C, the loading, stiding distance, and abrasive
material low were reduced. This adjustment ensures equal average local
presures via similar contact areas and wear track sizes by the end of the
test procedurs [411.

After these tests the wear tracks were inspected by SEM and EDS for
specific changes and incorporation of abrasive material via top view as
well as metallographic prepared cross-sections.

3. Results and discussion
AT, Micrstriacnre

The HMS particles are overall homogeneously distributed within all
three claddings Clad1, Clad2, and Clad3 {11y, 2a, b, and ¢, respectively),
bast [ocally their interparticle distances differ, Due to their higher density
{~14 kg/dm") as compared to the FesAl-based matrix {~6.7 kg/dm®),
these tend to be slightly concentrated at the bottom, Especially closer 1o
the HMS particles, the Feghl-based matrix contains features of dendritic
structure with encapsulated ledeburitic structures, similar to those ob-
tained for C-alloyed FesAl claddings [10,11]. The ledeburite-type
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Fig. 5. n) BSE-SEM overview of the HMS™ reglon within Clad 2. with the corresponding EBSD quality map b), EBSD phase map ¢, EBSD WO arieistation d), EBSD
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content seems to be more for the 50 vol% HMS containing claddings,
while the different HMS particle sizes may play a minor role, please
compare the higher magnification SEM images of Clad 1. 2, and 3 in
Fig. 2al, b1, wnd 1 (detail), respectively.

The inter-particle distance L between the hardphases—a major factor
influencing the abrasion resistance at a given hardphase fraction [38] is
largest for Clad 1 (264 + 108 pm} and lowest for Clad 2 (152 + 102 pm)
holding 20 and 5 vol% of HM5™, respectively, Fig 7. Clad 3, which
holds 50 volh of HMS™™ exhibits 223 + 162 pm inter-particle distance.

Detalled imvestigations by BSE-SEM, EBSD phase maps, EBSD W.C
orientation map, and EDS line scans, as well as EDS elemental maps of
Clad 2 (Fiz. da, b, g, d, and e, respectively) highbight that the brighter
regions within the overview BSE-SEM image (Fig <a) are rich in W
(Fig. ded and mostly of the type WG (Fiy, 4b),

The dendrites are of type FesAl with 28-34 st% Al and the Co content
is homogenously distributed slong thess regions as well, only an the Wi
phases the Co content drops (Fig. 4d). This suggests that alse the FesAl
matrix phase incorporates Co, The WaC phases are précipitated in nel-
waorks, as indicated by the 01(0-orientation of the W,C precipitations in
Fig. 4¢, whereas the phase analysis of precipitadions in Py db also in-
dicates a minor content of WoCp gz A more detailed investigation of the
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HMS region, Fig. Sa, with EBSD (Fiz. 5b) highlights that the carbides are
essentially still WC (Fig 5e¢) with a more or less mndom orientation
(Fig 5d) and surrounded by Co but mostly Fegal (Fig. Sc) without &
promounced orlentation (Fig, Se and £, In general, the Co contents
within the FeqAl phases are 2-3 at.% for the 30 vol®e HMS*™ coneaining
elacding (Clad 11 and 34 40.% for the 50 vol% HMS™ and HME™
containing claddings {Clad 2 and 3). The Fe-Al-Co ternary phase dia-
gram for this given compesition indicates the single-phase field of B2
iron aluminide (FeAl) at the isothermal section of 10707 C [42] as well as
the single-phase field FeaAl of the RT isothermal section [43].

3.2 Mechwrical properties

Box plots of the hardness of the individual phases, Fiy. G, indicate
similar values for WC (36.5-37.0 GPa) and W<C {23.7-23.9 GIPa) among
the variows clsddings, while the FeaAl-based matrix is slightly harder for
the 50 vol% HMS containing claddings (Clad 2 with 7.65 + 1.0%9 GPa
and Clad 3 with 7,64 = 0,80 GPa vs, Clad 1 with 6,78 + (.55 GPa), This
suggests that the size of the HMS particles (300 or 500 pm) has litle
influence, but their volume fraction has an fmpact on the matrix
hardness.
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Fig. 6. Manoindentation results: a) hardness and b)) Young's modulus of the
major phases (Fe,Al matrix, WC, and W1C) within the claddings Clad 1, 2, and 3
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values), the whiskers indicate minimal ard maximal vafue In the 1.5 Inter-

guartile range. the median is indicated by the horizontal line iy the box, the
mean valae is indicated within the Hitle square within the box

The Young's modull of the Individual phases are similar across the
three cladding variants with —240 GPa for the FezAl matrix, ~530 GPa
for WC, and —410 GPa for WaC, Fig. ob,

Hot hardness results, Fig. 7, indicate that the claddings with a higher
voluine fraction of HMS (Clad 2 and 3) exhibd overall higher valises. The
one with the smaller-sized HMS fraction (Clad 2, 50 vol% of HMS'"") has
the edge aver the ather, With increasing HMS™ Fraction from 30 1o 50
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Fig. 7. Hot hardness data of the three claddings Clad 1, Clad 2, and Clad 3, The
solid lines represent the standard deviations, the area between these lines are
the error bands {each daa polnt n = 50

vil%, the RT hardness increases from 556 + 83 HV10 (Clad 1) o 729 +
37 HVI0 (Clad 2), while changing the HMS size fraction from 300 to
500 pm (and keeping the volume fraction at 50 %) only slightly affects
the hardness to 740 + 61 HV10 (Clad 3).

The wvaration in hot temperature hardness with remperature is
overall similar for these three claddings meeting at -~ 100 HV10 at 900
‘. Especially above 500 °C, the decline is more pronounced for all of
them, most likely due 1o the transformation of FesAl to Feal [2,10].

3.3. Wear behaviour

3.3.1. Low-stress ahrasion tesis

Craantitative analysis of the low-siress abrasion tests at room bem-
perature (Fip 8a), according to the ASTM C05 test procedure, show
smaller values for Clad 2 and 3 containing a higher fraction (50 vol3u) of
HMS. Out of these, the one with the smalier-sized fraction (HMS™™ for
Clad 20 provides the lowest wear rate of 00023 = 000132 mom /o,

Owerall, this behaviour is also reflected by the macro hardness
values, the higher the hardness the lower the abrazive wear rate, Fig, Sh,
However, although Clad 3 has a similar hardness as Clad 2 {both --740
HV10), its wear rate is more than doubled with Q.0070 £ 0.001 mm®/m.
These claddings have the same volume fraction of HMS bur Clad 2
provides an overall smaller Interpartiche distance due to the smaller
particle fraction size.

Detailed SEM investigations of eross-sections through the wear track
show that especially Clad 1 (Fig. %a) suffers from pronounced sbrasion
of the weaker FesAl-based matris phase, becaise due 1o the lowest
volume fraction of HMS the interparticle distance is too wide. The other
two claddings show & more homogenous abrasion across the individual
phases present {Tig. Ub and ). These cross-sections also suggest that
throughout their FesAl-dominated regions, larger-sized WC/W L0 parti-
cles are present within Clad 2 than Clad 3, compare Fiz. %b and c. There
is no evidence of severe plastic deformation or overlaps, neither on the
HME particles nor the matrix.
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Fig. 9. Cross sectional and top view BSE-SEM images af a) Clad 1, b) Clad 2, and c} Clad 3, respectively. Higher magnification S5EM images of the wear mrack are

provided in the supplementary material.

Top view SEM investigations of the respective wear tracks show by
the nearly black spots that especially ot the FezAl-rich regions maore
abrazive material 18 present, see g Od, ¢, and [ Clad 2 holds the lowest
amount of such abrasive particles, supposedly due to the smallest
Interparticle distance (1y. 3], allowing for the smallest wear rate amdong

Harald Rojacz

thess claddings investigated. Further, precipitations present at a low
fraction in the matrix zomes may protect the matrix to B certain extent as
well [44]. On the WC and WO partiches, solely some grooving and
steady wear can be pointed out.
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Fig. 10, High-stress abrasion resubis: a) Wear rate vs. Temperature, b) Hard-
ness wi. Wear rte,

BE2 High-stress abrason tests

Wear rate vi, temperature plots as obtained by the high-temperaitire
abrasion test setup at KT, 500 “C, and 700 “C are presented in Mg |Da,
Due to the high-stress conditions, the wear rates are manifold higher,
especially considering the lower loads used for high-stress testing (45 N
instead of 130N for low-stressk. As glven in the Agure, Clad 1 has the
highest wear rate at RT with 0.0435 £ 0.056 mm”/m. In comtrast, both
claddings with 50 vol% HMS have lower wear rates of (L0395 -+ 0,006
mm'/m {Clad 2} and 0.0391 + 0.0004 mm*/m (Clad 3). The claddings
Clad 2 and 3 show stable behaviour up to 500 “C, while Clad 1 gains
some wenr resistance at 500 “C improving its wear resistance compared
to RT. Together, this results in similar wear rates at 500 “C for all
claddings with —0.036-0.039 mm’/m. A further increase of test tem-
perature o F00 C leads o a e bn wear rates for all claddings lnves-
tigated. Interestingly, Clad 1 with the lowest hardphase content, features
the lowest wear rate, similar to s RT performance. Nonetheless, the
high deviations indicate diverging results depending on the local dis-
tribution of hardphases. Clad 2 and Clad 3 suffer a steep rise In wear
rates at 700 “C, resulting in the highest wear rate for Clad 2 with 0.054
4 00001 and 0047 -+ 00004 for Clad 3.

The highest wear rite was quantified for Clad 2, the cladding with
50 vol% HMS™ although its good performance st BT low-stress
abrasion conditions, Despite having the bowest hardness and hard-
phase content, Clad 1 provides the highest wear resistance at the highest
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test pemperature, whereas Clad 3 showed an intermediate performance
between the other two claddings. In general, a high scatter of wear rates
and hardness can be seen (Flg. 9b), which may be attributed 1o the
inhomogeneous HMS particle size as well as local differences in the
microstructure caused by the HMS.

Detailed SEM investigations of the claddings after the wear test,
Fig. 11, highlight that especially Clad 1 (30 volds HMS™™) Incorporates
abrasives at all temperatures, &s seen by the dark particles in the surface
images of Fig. 1 a. AL RT, plastic deformation from the HMS into matrix
regions is presented by the material overlaps in the matrix with few
embedded abrasives and the highly deformed subsurface zone, This lack
of wear Tesistance in the matrix causes the high wear rate. Both clad-
dings with 50 vol's HMS (HM5™ for Clad 2 and HMS™ for Clad 3)
offer enhanced protection through increased reinforcement by the HMS
and the many precipitates present, please compare (g | 1b and o The
incorporation of abrasive material also affects the behaviour: while lairge
chunks of quartz are embedded in the surface of Clad 1, only smaller
particles adhere (nol meorporated) to the surface of Clad 2 and 3.

At increased temperamures, Clad 1 shows significant embedding af
abrasive material nte the matelx, — 1015 pm surface layer of the matrix
zones is affected at 500 °C and ~20 pm at 700 “C. This can be attribwted
tor @ higher inter-particle distance and fewer precipitates, enabling the
imcorporation of abrasives in the matrix at a high level, With increasing
temperajure, the plastie deformation s favoured, and more abrasive
particles can be embedded forming o mechanically mixed Layer (MML).
This results in a self-protection effect of the surface, but as the embed-
ding of abrasive material is depending on local effects of the micro-
structure, it also lesds to a high scagter of the wear resulis. The
incorporation of abrisive material is lower for the two claddings con-
taining 50 vol% HMS. This is bacause the formation of a MML is hin-
dered by the many hardphases present in the microstrcture, the many
precipitates [44,45], and the thereby resulting lower inter-particle dis-
tance. The reduced formation of a self-protecting MML is the major
reason for the higher wear rae at 700 °C despite the higher hot hard-
ness. More detailed SEM images of the wear track are provided in the
supplementary material.

34, Discussion on engeng wear mechamisms

A1 both, highestress and low-stress abrasion conditions, the matrix
phase can be removed by the comparatively large abrasive particles,
althoagh the hardness of the quartz particles with —14 GPa'is quite low,
but still higher than the matrix at any given temperature [46,47].

For the high hardphase containing claddings, the wear progression is
quite homogeneous along all the present phases at room-temperature
and low-stress abrasion conditlons, despite a significant hardness dif-
ference (WC ~26.5-37.0 GPa and W3C ~23.7-23.9 GPa while the ma-
trin features —&8-7.5 GPa). There is no evidence of severe plastie
deformation or overlaps, neither on the HMS particles nor the matris.
Some small abrasive particles are sticking in the surface as seen as black
spats in the surface images, Thase are restricted to the softer matrix
areas and the diffusion zone of the hardphases. No Incorporation of the
abrasive particles by plastic deformation of the claddings can be seen, as
it is hindered by the precipitates. Thus, leading to the conclusion that the
W partiches remain in the matrix, as long as the mechanical backup and
the bonding between matrix and hardphase is sufficient [48]. Here,
grooving of the WO and WG precipitations are the dominant wear
mechanisms [45,.40], whereas the matrix suffers from abrasion by the
quArtz.

Similar behaviour can be observed at higher-temperatures and high-
giress abrasion. Here, the materals softening and thus incorporation af
both, tungsten carbide particles as well as abrasive in the matrix areas
can be shown, which Increases at higher temperatures. Thus, the softer
the matrix, the more pronounced the matrix abrasion, despite present
W hardphases, as found similar in [50]. Also the usually beneficial
formation of & MML ot elevated temperatures within seft matriz zones
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Fig. 11. SEM-analyses of wear scors after high-stress abrasion st all st temperatures in eross-sections and from the surfsce: o) Clad 1. b) Clad 2, ¢} Clad 3. Higher
magnificution SEM mages of the wear track are provided in the supplementary maderinl.

[21-23] was not significantly found for these reinforced iron aluminide
claddings.

3.5, Comparison to other herdfocings

Literature data allow for a comparison with other {standard ) wear
prodection solutions studied with the test device and the same parameter
sets for both dry sand/rubber wheel tests at room temperature [51] as
well as high-stress abrasion at 20 °C, 500 “C, and 700 =C [41.50,52].

As presented in Fig 12a, the low-stress wear rates of our developed
claddings (Clad 1, 2, and 3} are well comparable or below those of
currently used standard wear protection soluetions. All iron aluminide
claddings highly outperform abrasion resistant high-strength or
martensitie steels with hardness levels up to =500 HB. Clad 2 and 3
{with the highest volume fraction of HMS) do also outperform a hypo-
eutectic hardfacing, Clad 2 shows a slmilar wear resistance {—0.0023
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mm'/m) as commaonly used FeCrC-based hardfacings with wear rates of
—0.0023-0.0028 mm*/m. For reinforced NiCriSi-based hardfacings,
lower wiear rates are achieved (~0.0015 mm®/m), with the drawback of
Nl as mstrix ciusing a high environmental impact [25].

At high temperatures up to 700 “C, Fig. 12b, wear rates from 0.04 to
0.05 mm’/m for all fron aluminide-based claddings were quantified,
which are comparable to abrasion resistant castings on Ni- and Fe-hase
with high chromium coments (~0.04-0.06 mm"/m). Here, the advan.
tage of Clad 1 is the formation of 8 mechanically mixed layer as self-
protection at higher temperatures which leads to comparatively low
wear rates. This is also reported for the Ni- and Fe-based cast materials
during high temperature high-stress abrasion tests, explaining their
similar wear results, FeCrC-based hardfacings are comparable orslightly
better at room temperature (0.020-0,008 mm*/m), but already at ~500
“C their wear rates increased significantly. The Co-based hardfacing
Stellite 21 shows just a slight increase in wear rate with temperature, bt
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Fig. 1% Comparizon of different wear protection solutions: a) Low-stress
abrasion ASTM G65; latn from [46], b} High-stress abrasion at 2
(0 500 700 “C claddings from this study (green), steels [red), cast mnterials
{oeange), hardfacings (blue), reinforced hardfacings (turguoise), data from
41,47 48]; “data for CreCe-NiCr was interpedated from data at 550 °C and S00
"G (For interpretation of the references to colowr In this fAgure legend, the
reader is referred 1o the Web version of this anicle.)

at a generally higher level, as well as the CraC-NiCr speay coatings
(0.04-0,062 mum'/m) and the reinforced NICrBSi-WC metal matrix
composites (0080 mm”/m at 500 "Ck

4, Conclusions

Thiz study investigates the effectiveness of laser metal deposition

Harald Rojacz

Wear wxs (moce) gxx

(LMD} in producing FesAl-based claddings reinforeed with hardmetal
serap (HMS) as o sustainable wear protection solution, particularly at
clovated temperatures, By incorporating recycled HMS, the research
alms 1o improve the environmenial sustainability of these coatings.

The claddings were reinforced with 30 vwol% and 50 vol% HMS,
urlizing two different particle size fractions {average sizes of 300 pm
and 500 ym, designated as HMS™ and HMS*™), These were processed
using a high-power direct diode laser with energy densities of —12-21
J/mm?. The resulting materials were dense, metallurgically bonded, and
composed of approximately 30 at.% Al (FesAl). Microstructural analysis
revealed a FesAl matrix with solid-solution Co (less than 4 wi%} and
W precipitates, particularly prominent in claddings with 50 vol%
HMS. The highest hardness values (735-750 HV10) were achieved in the
50 vol%: HMS cleddings, with noticeable softening oceurring only above
400 . This significant hardness increase can be attributed 1o the
high hardness of the WC and W2C present {31.3-38.1 GPa or 19.2-24.9
GPa respectively) alongside the hardening of the matrix 10 —8.8-7.6
Gla,

The claddings demonsteate high wear resistance during low-stress
abrasion tests at room temperature (RT) and high-stress abrasion tests
at KT, 500 "C, and 700 "C, especially those with 50 volte HMS, out-
performing traditional wear protection solutions such as FeCrC and
NiCBSi-based hardfacings. Under high-stress conditions, wear rates at
BT aeracd 500 °C were similar across all claddings. However, at 700 °C, the
30 volth HMSM cladding exhibits the lowest wear rates due to its ability
o form a self-protecting mechanically mixed layer (MML) with the
abrasive material.

The high-temperature performance of the HMS-reinforced FesAl
claddings is comparable to that of high-temperature abrasion-resistant
casthigs and superior to Co-based allovs and thermal spray costings. Our
study suggests that these claddings (Clad 1, 2, and 3, containing 30 val%
HMEI, 50 vols HMS™, and 50 volth HMS™, respectively) offer a
promising, sustainable alternative for wear protection. It also guides
future research towards further enhancing high-temperature wear per-
formance and developing hardphase-containing ciaddings with reduced
or eliminated relance on elements with a high environmental impact
such as Co, Cr, and Ni.
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H. Rojacz ™ , K. Pichelbauer”, P.H. Mayrhofer"”

©ACET pescarch Gmbil, VikiorKapdan-Sorple 240, IR0 Wiener Neustalt, Asirig
" Instifute of Materinli Scence and Teohmology, TU Wien, Getrenfermrkt @ 1060 Wi, Ausinia

ARTICLE INFO

Keypwords:

Laser metnl depasinion
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1. Imtroduction

ABSTRACT

Iron aluminide [FepAl)-based cloddings are promdising alternotives to Co-, Cre, znd Mi-based wear-resistant
hardfacings, offering nn excellent balance of properties with a significantly lower environmental impact, Rain-
forcing FesAl claddings with addicbonal hard phases enhonces thelr wear resistance and high-temperanire per-
lomance.  Sustainable salutions can be achieved by incorporating recyched hardmetal scrap (HMS] or
environmentally favorable phases like TC-NiMo cormets.

Therelore, we studied the impact of reinforcing FeyAl-based chaddings with 70 val% HMS o TEC-NiMo cermets
using a |aser metal deposition (LMD process, Thereby high room temperature hardnes levels of 1008 = 52
HYV10 apd 1087 = 43 HV10 are obtained, respectively, and nearly linear hordness decrease with Increasing
lempertiure, even allows for —600 HV10 &t 700 “C. indicating eveellent mechanical gability. The individual
phases formed within the reinforeed claddings exhibit 36 GPa for W, =32 GPa for precipitations WoC, —25
Gia for THC, and ~7.8 GPa respectively ~7.2 GPa for the FesAl matrix,

The combination of a high volume fraction of hard phases and the relatively hard FegAl matrix ensunes strong
wear resistance, Under low-stress abrasion st room temperature, the wear mates were 00008 mm m (HMS
reindarced) amnd 0.0047 mm fm (TIC-NIMo relnforced). At high-stress eondifons, wear rates wese —0.04-0.05
mmm ar 20 °C and —0.055 mm’/m (HMS reinforoed) and —0.068 mm™/m (TiC-NiMo reinfonced) at 700 °C.

When benchmarked against conventionnl hardfacing materials, these reinforced FesAl-based claddings
demonsirate competitive performance, offering an environmentally sustainable and mechanically robust salution
for wear-resistant applications.

as matrix for tungsten carbide within different processes [12], such as
high-frequency induction heating for nano-structured WC-FeAl com-

Tron aluminides feature good high temperatiore properties such
notable mechanical strength up to 600-700 “C depending on the
respective alloying [1,2]. Thus, a good wear resistance, especially at
high temperatures can be pointed oo, due optimal conditions forming
mechanically-mixed layer (MML) as self-protection [3 5]. Strength-
ening with carbides and/or borides [6,7] or reinforcing iron aliwminides
[2], predestine fron aluminide-based claddings for wear protection in
high temperature applications. Reinforcement of iron-aluminides with
tungsten carbides can increase their wear resistance, as shown for
different coatings processes [9],

In general: reinforcing alloys with tungsten carbides and TiC cermets
does aid to high hardness levels and enhanced abrasion resistance
[10,1 7). Here, literature reports the possibility of using iron-aluminides

* Correspanding author
E-trhani! aaddresss boonesiioc 2eat {H. Rojace).

Bierpss Aol oS 10, LU B0 E srfeoa ] 2EE20, 13110

posites [13], stir-casting [14], Heguid-phase sintering [15], hot pressing
[1%] and thermal spraying [17). For TiC cermet reinforcement in-situ
reactive  TIC-FegAl composites [18], pressure-less melt Infiltration
[19], or arc melting [20] was performed.

Few studies concerning laser cladding of iron aluminides with WG
and TiC were reported. Mostarjan et al, [21] performed laser cladding
for WC-Fe40Al materials, but at small spot sizes and low laser energies
and did not analyse wear properties or high-temperature properties.
Thus, we performed an cardier study, showing the soitability of hard-
metal scrap (HMS) to reinforce iron-aluminides, which helps to increase
the hardness to —850 HVIO (upon an addition of up to 50 vol% HMS)
with & good stability up to 700 “C alongside good abrasion resistance,
outperforming commonly used wear protection solutions [5], Here, we

Received 11 Docember 2024; Received in revised form 24 Junuary 2025; Accepted % February 2025

Avallable online 11 February 2025

025797250 2025 Elsevier BV, All rights are reserved, including those for text and data mining, Al troining, ansd similar technalogies,
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stirdied the effect of adding an even higher hardphase content and other
hardphases ag well, For TiC, laser-surface modification treatments were
performed to reinforee aluminium with an iron-aluminide TiBy-TiC
compasite coating, but at low relnforeement levels <30 valb [22],
Mevertheless, Alman et al. [19] pointed out the good wear resistance of
TIC-FeAl (as manufactured by are meltng) at 60-80 % hordphases. As
there is a lack of knowledge on highly reinforced iron aluminide laser
claddings, this study will provide data on processing, microstruciure,
maechanical and wear resistance properties up to 700 °C at high rein-
forcement levels of 70 % by volume.

These claddings are not only intended to perform veell, but also to be
mare sustainable. By eliminating or redueing critical raw materials with
high environmental impact such as Ni, Cr and Co [23,24] through using
matrix educts with comparatively low environmental impact such as Fe
amd Al [25,26]. A further advantage is not only the use of recycled
hardmetal, which does significantly reduce the environmental impaet
[#7,28], bat the use of hardphases with a good performance and low
weight. Therefore, these claddings show improvements in four nreas to
increase sustatnability: increased recyeling rate, product lightweighting,
lifetime prolongation with material measures, and enhancing the use of
sustainable edwers [ 29,00].

The used HMS was treated and recycled using a thermo-cyclical
treatment with a following mechandeal size reduction (disintegration
milling) [31,32]. Afterwards, particles were sieved to proper size frac-
thomg, This HMS has been successfully implemented in laser claddings
[5] s well as thermal spray coatings [11,32]. TiC-cermets of type TiC-
NiMao served as the other rype of hardphases, which are frequently
used for Ni-based plasma-transferred arc welded hardfscings [11,33].

HMS and TIC-NiMao reinforced iron aluminide claddings (FegAl-
based; 30 at.% Al) were produced via laser metal deposition at condi-
thons ensuring low dilution of both, the substrate as well as the utilised
hardphases, The processing was optimised, and the microstructure was
thoroughly analysed. Next to electron microscopy-based investigations,
hot hardness tests, nanodndentation as well as abrasion tests ace, ASTM
GA5S at 20 °C (dry sand/rubber wheel test) as well as high-temperature
{HT] abrasion tests (high-stress conditions, dry samd/steel wheel) was
used to gquantify wear rates and evaluate ongoing wear mechanisms up
10 70 °C, These investigations highlight the outstanding performance of
those claddings to serve as sustainable wear protection solutions in
harsh environments and at elevated temperatures, such as materials
handling, the heavy industry and cement industry.

Hardmetal s

Surfore & Coating Technology 500 (20251 1371904
2. Experimental
2.1, Marerials and feed stock powder

For laser metal deposition (LMD different feed stock powders of
commerclally avallable Fe and Al powders with =99 % purfry were used,
These are mixed with hardphase powders of recycled HMS or Tic-NiMo
cermets, The recycled HMS powder was obtained by crushing via
disintegration milling from HMS, as described in [34]. The particles
feature an average roundness of 1.2 to 1.8 and an aspect ratio between
1.2 and 1.6. The particle faction used was 125-350 pm. The HMS
powder was etched with sulphurle acid and rinsed with water and lso-
propyl alcobol te omit oxidation products, processing remains or
organic matter in the claddings. For TiC-NiMo cermets, re-milling of
singered bulk material (TIC-20 wi Nino 2:1) was performed within 16
stages to achieve a particle gize of 150-325 ym after sizing. Fig. | shows
scanming electron microseopy (SEM) images of the hardphase powders
and the granulometry and chemical composition of all powders used is
given in Tahle 1.

The respective mixtures were prepared scocording to the ratios,
considering and correcting a dilution of 23 % as obtained by pre-tesis via
pre-placed powder LMD, similar fo results presented in [5,58]. The matrix
composition is almed on the formation of FesAl (DOy ardered lron alu-
minide intermetatlic phase). Both hardphases are described as stable,
with only minor dissolutios into the matrix [5,1 1], Powder blends were
mixed manually in isopropyl aleohol For 1 min (0.2 g isopropylic alcohol
per 1 g powder) prior o LMD, where the mixiwre (& approximately 5 min
ready to pre-place due o the evaporation of the isopropylic aleohol.
Since the pre-placed powder method was applied, the powder was
miasked to 3.2 mm thickness and a width of 26 mm on the sheet metal
substrate within those 5 min of tdme. After masking, the obtained
powder beds were dried in @ drying cabinet at 120 °C for 1 h

Table 1
Feedstock powder and target chemical compostion.
Pawder Particle size fraction [pm]
Frafi =99 % jaily 455
Abuminimm %3 % ey, rounded 4590
Beoycled hardmetald scrap (FINS - mostly WC-12C0) 125 350
THC-PlRED (20 wi%s NiMo LT 150-315

Taipet campsition
Matrixn {3 vl
Hardphases (7 voiti)

0 ot Fe, 30 ors Al
HME ar THZ-MNiMo

MNiMo

Fig. 1. 5EM imnges of both hardphases used - bordmetal scrap and TiC-NiMo cormets,

Harald Rojacz
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Subsequently, LMD was performed at the parameters presented later on.

Due to the density differences of mateix (6.7 kg/dm®) and hard-
phases (HMS ~14 ki/dm®, Tic-NiMo ~5.2 kg/dm”}, sinking of HMS or
rgling of TIC-NiMo eccur, which may lead to local inhomogeneities. To
prevent this issue as good a5 possible, a guick melting and solidification
Is needed, thus laser power and scanning speed were high, resulting in
intermediate energy densities.

The substrate, structural steel 1.0037 ace. DN EN 10027, was chosen
to prevent excessive dilution of chemical elements into the iron alumi-
nide cladding {<1.4 wt% Mn, <0.17 wi%s Ch Since this material pro-
wvides a tensile strength of —500 MPa and a hardness of —210 HV10 it
provides sufficient mechanical backup even at higher temperatures and
I8 commuonly used. A further reason for this subsorate §s the low envi-
ronmental impact of unalloved steel [25].

2.2 Loser metal deposition (LMD}

For an accurate chemical composition, LMD pre-tests for both
hardphases were performed to achieve a proper chemical composition
showing that the dilution is —23 % - as well as a good metallurgical
bonding between substrate and cladding. Pre-tests were performed in a
parameter range from 4 kW to 7 kW laser power i well as 2 mmy/s to 12
mm,/s scanning speed of the laser unit as previously described in [5].
After every pre-test series, metallographic eross-sections and light op-
tical microscopy (LOM - Zeiss Imager M2m, Zeiss AG, GER) was per-
formed as a process control,

A summary of the processing parameters is provided in Toble 2 Both
claddings were performed with & rectangular lens system (24 mm < 3
mm]and at 200 “C pre-heating temperatures, The given energy density
was caleulated via the laser power per spot size (the area of the lens
systern) cansidering an absorption coefficient of 0.54,

The chosen laser parameter gnd the low preheating was chosen (o
achieve low dilution, cracking as well as an accurate chemical compo-
sition as analysed via EDS at three areas with approx, 600 pm < 1000 pm
within metallegraphic cross sections to chemically confirm FesAl as a
phase, since FesAl can be achieved via laser cladding [5,%0]. The pa-
rameters featured an optimal melt pool, considering the exothermic
reaction while forming the ordered phase FegAl [37,58]. As a result of
the parameters, the chemical composition was 5 % relative erros for
aluminium; thus, the cliddings' chemical composition were compen-
sated correctly with an average dilution factor of 23 %. The interaction
time was calculated vin laser beam width through the scanning speed of
the laser head ace. [39], The deposition rate of the claddings, calculated
via the resulting thickness of the claddings, the beam width and the
scanning speed and the calculated density of the claddings [40], are
144 dm™/h for 1852 ko) for the HMS reinforced eladding and 1.80
dm®/h or 984 kg/h for the TIC-NiMo reinforced cladding.

As a remark shall be added, that pre-placing the powder is a quite
inefficient technique compared to the powder-feed LMD, since mixing,
masking, etc. takes some time, especially for larger areas, but is bene-
ficial for small-scale coating as in research (o develop claddings with
novel alloying concepts [40-42]. A large-scale processing of the clad-
dings must be optinikzed; here, powdes-fed LMD witch either arsmized
or mechanically-alloyed metal powders with certain chemical compo-
sitlons under addition of the respective hardphazes must be performed.
This study provides the scientific principles, such as laser parameters

Table 2
Optiimised laser parameters for both claddings.

Aeinforcement Lisser Prmer Effeciive Seanning Inberacibon
power density Energy speed time [a]

1w [ demsity (3¢ [mmx]
mr] |
HMS BOHHY 1111 5.7 1a 0333
TIC-NIMo T2 1000 m.25 ] 0a's

Harald Rojacz
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and the respective wear performance of novel highly-reinforced iron
aluminide claddings, which can be easily transferred to a larger-scale
presduction via other laser-based techniques.

2.3 Micrestructural anatysis

After LMD, specimens of each material were cut using a laboratory
DiseoTom 100 cutting machine (Struers AB, DK) with optimised pa-
rameters and cooling to avoid microstructural changes. Metallographic
cross  sectlons were made of each material to evaluate their
microstructune,

These metallographic sections for light optical microscopy (LOM],
scanning electron microscopy (SEM), energy-dispersive speciroscopy
(EDS), and electron backseatter diffraction {EBSD) investigations as well
as nanoindentation, A more detailed description of the meallographic
routine utilised as well as the embedding was previcusly presented in
[43)

For microstructural evaluations, a LOM (Zeiss Imager M2M, Zeiss
AG, GER) was used for an overview on the microstruetural appearance,
inclucling the bonding and distribution of the hardphases, For deeper
analyses regarding phases and their chemical composition, a cross-beam
SEM (Jeol JIB-4700F, Jeol Corp., JP) equipped with o Bruker X-Flash 6/
30 EDS detector as well as a Bruker e-Flash HR EBSD detector (both
Bruker Corp., USA) were utilised, SEM imaging (via the in-built Jeol
hackscattered electron detector) and EDS measurements were acquired
at 15 kV and 0.3 nA and a working distance of & mm, whereas EBSD
measurements were performed with 30 kY and 6.5 nA beam current ot
T0 specimen tilting and a working distance of 14 mm. EBSD patterns
were acquired with 320 = 240 px resolution for 40 ms each, Phases were
determined at sufficiently small spot sizes via the Esprit 2.2 sofiware
{Bruker Corp,, USA) under considerntion of different phases from the
American Mineralogist Crystal Structure Database (AMSDB) and the
Materials Project [14]. SEM was performed prios westing (aiming on
microstructure and phase constitution) and post-test with a focus on
ongoing wear mechanisms on the wear tracks and on metallographie
Cross-seekions.

2.4, Hot hardness and nancindentation measuremernis

The hot hardness was measured with the high temperature harsh
environment wribometer, previowusly described in [45]). Viekers indents
were performesd with 98,1 N normal lead (HY10) in bow vacoum con-
ditions between room temperatore (RT) and 900 ° Cin steps of 100 'C, At
each temperature, 5 indents were done for statistical reasons, After
cooling down in low wacuum, the indents were measured, and the
hardness was calculated accordingly.

Nanoindentation was performed with a Bruker Hysitron tri-
boindenter T1 950 - Performech 11 (Bruker Corp., USA) The hardness
and reduced Young's modulus of the individual phases was obtained via
quasistatle indentation using a diamond Berkovich indenter. A peak load
of 5000 N was chosen (o determineg the hardness of the cermet particles
as well zs the matrix, Smaller particles were analysed at peak loads of
10060 pM, A holding segrment at peak losd of 2 £ in-between the 5 s of
lpading and unloading was maintained, The reduced Young's modulus as
well as the hardness was derived from the load displacement curve,
where 20 valid measuring points for cach individual phase were per-
formed for proper statlstics.

2.5, Abrasion teses o posi-test analyzses

Three-body abrasion tests of the developed claddings were carried
out under low stress conditions {dry sand/rubber wheel test according to
ASTM G65 - procedure B) [44] and high stress conditions (dry sand/steel
wheel test, following the gereral principles of ASTM G0%5, but adopted
for high temperamre testing] [47,45]. The tests were chosen relevant to
the intended applications of the claddings, g, in mining [49], materials
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handling and sieving [50], the heavy industry and cement industries
[51,52]. Since both, high-stress and low-stress abrasion are present In
these industries and temperatures are a factor as well, both abrasion
regimes were chosen for investigation. The loads and relative velocities
were chosen based on experience with the test rigs and certain appli-
cations as provided in the respective literature by the authors [47, 48]0

The test procediere is similar in both cazes: the abrasive is introduced
between the rotating wheel and the specimen, which is pressed against
the wheel at a given lnad. The parameters of the tests performed are
shown in Tuble 5. Three tests were carried out for sach condition and
cach coating; specimens were tested in fine-ground condition to achiove
constant surface roughness and plane-parallelism of the surface, A lower
load and distance, together with a reduced abrasive flow, was chosen in
order to eompensate for the significantly higher wear rates of the clad-
dings at elevated temperatures and high-stress conditions, to achieve
similar contact areas and wear track sizes {thus, similar local pressures)
[53]). The respective wear boss after each performed abrasion 1est was
determined gravimetrically and converted 1o mm’ /m via the respective
calewlated claddings density after cleaning with acetone in an ultrasonie
bath and subsequent drving. Since oxidation is negligible for iron alu-
minides [1 ] &5 well as the substrate due to the short test duration and the
cleaning via an ultrasonic bath removes eventual adberent abrasive, the
gravimetric determination of wear does allow for accurate wear rates
[53]. The parameters wsed are summarised in Table 3, To investigate
ongoing wear mechanisms at both abrasion modes as well as all tem-
peraiures tested, surface SEM investigations on the wear track and on
prepared metallographic cross-sections are conducted - to show the
impact of the different reinforcements as well as precipitates on the
abrasion resistance.

The chosen parameters for both tests, lead to the respective abrasive
reglme and shall provide wear data for many different applications - for
low-stress conditions, as standardized in ASTM G65, it is well known,
that negligible abrasive breaking and thus, low stress abrasion 15 gov-
eming [54,55]. For the high-temperature, three-body abrasion, abrasive
media is fed with a lower fow, since otherwise the wear scars are ton
large and no stable wear progression can be achieved. With the
counterbody-load combination, 65 % abrasion breakage is achicved,
whereas intermediate harsh abrasion conditiens and abrasive breaking
exceeding the critical load for abrasive breaking as pointed out in [55]
are achieved, For & similar quarnz and similar conditions, the critical
lond for fracture was determined with -7 N [55].

3. Results and discussion
3.1, Remarks on the laser cladding behoviour and appearance

Fig. 2 shows a LOM overview of both cladding variants at ane pre-
test parameter set and the optimised parsmeter set as provided in
Table 2, Here, the advantage of optimised parameters can be seen,
whereas low dilution, no fusion defects, a good mesallurgical bonding,
and a homogeneous distribution of the hardphases i8 present for the
optimised parameters, In the detail, this can further be confirmed.
Depending on the region examined, the interparticle distances vary, but
a fairly homogenesus distribution of hard phase particles according 1o
the nominal composition has been achicved over the entire cross section,
However, due to the varying density compared to the matelx (~6.7 ka/
dm™, the hardphases either sink (HMS ~14 kg/dm™ or rise [TiC-NiMo
5.2 kg/dm®) resulting in minor local varitions in the hard phase
content, which do not significantly affect the overall properties and the

Tahle 3
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overall homogeneous distribution within the claddings. This differences
in the local hardphase distribution may be atributed to the buovancy
force during solidification; here, TiC-NiMo cermet particles obviously
have a higher buoyancy, while the denser HMS particles sink due to the
lawer buoyancy in the iron aluminide melt, which can be affected by
temperature and velocity gradients, but mainly be attributed 1o gravity
va, buoyancy [57,5H). Since the HMS and TIC-NiMo particles are
comparatively homgenously distributed on a global seale, nearly inter-
locking themselves, the low caused by the Marangoni effect is intended
to be lowered. Solely for the less dense TiC particles diluted into the
FesAl matrix, the uppermost zone of the cladding features most of the
individual TiC cermet particles as caused by a combination of busyancy
and density (rise o the top) and the Aow sidewards (o the ridges. Since
highet - seannilng speeds were chosen, and the microstructures are
comparatively homogenous, the Marangoni effect in general should mot
b as pronounced for the microstruciure formation. For the HMS rein-
forced cladding a homogeneous distribution of the precipitates is pre-
sent throughout the whole cross-section, whereas TiC-NiMo precipitates
mostly are present in the top half of the cladding duwe e thelr density. For
the HMS reinforced cladding, higher amounts and a larger size of pores
can be pointed out compared to the TiC-MNiMo cladding. For HMS ~2 %
pores at a size of —10 pm or smaller ones <2 pm can be pointed out,
whereas the TiC-NiMo yvields <1 % pores, with only minor larger pores
<10 pm angd an ungignificant amount pores <2 pm. In general, ean be
said that the amount and size of these pores are negligible for wear
profection solutions’ performance, as found for similar marerlals in
[5%,50]. Anyhow, the higher amount and size of pores in the HMS
reinforced cladding may be attributed to the use of HMS and eventual
remains of organie matter, despite treatment with sulphuric acid and
proper cleaning,

3.2, Micranrucnimal feanres

Fig. 4 shows the microstrocture and phases of both claddings as
obtained by SEM and EBSD. The HMS reinforced cladding shows inho-
mogeneous particle sizes of the respective HMS, As will be shown later,
their mechankeal properties are similar for the varous sizes. The HMS
particle regions consist of WC {primary hard phases, as present in the
original HMS powder) as well as amounte of Co or Co with minor
ammounts of Feamd AL At the edges of the respective HMS particles which
remain, Fed Al are more dominant, in the middle of the HMS particle Co
is mowe dominant, showing, that the primary HM3 particles do not fully
dissolute, The dissolved Co fully immerses in a solid selution with the
FesAl matria. Dissolution oceurs during LMD, 80 Co ean also be found In
the FesAl matriz, EDS messurements show that the FesAl matrix con-
tains ~4-5 at% Co. Precipitates can also be seen throughout the
microstructure, These precipitates are of two typess the larger ones
represent WyC, whereas the smaller ones represent MgC-type eutectic
carbides. These Mg type eutectic carbides are of the FeaWaC type as
formed during solidification of similarly processed claddings [61,02].
EDS does not indicate a contribution of elements other than Fe, W, and
C; mo contribution of Al could be detected, In some cases, smaller
amounts of Fe can also be quantified by EDS in these eutectic carbides,
leading te the conclusion that some of WG may also be eutectic-formed
carhides,

Based on performed larger-scan EBSD microsructural analyses ar
500= magnification {not shown), the gquantification and size of the
present phases was detected, Table 4, Here, W is the dominant present
phase as indicated in the table with 65,1 %, whereas the precipitations

Parameters for both abrasion test modes performed using a standard Omawa quanz sand as abrasive.

Abrasling ew il biged (M1 Rilative vilacity (mss] Albwrasive N |£min] Triead ilbstance [im) Taingserarure [ 0] Abrasson maodu
Dy sand/mabberwheel tesis 130 23 s 1936 20 Lovw-siress
Dry sand/steel.wheel tess &5 | 1B ] 20, 500, 70 High-siress
]
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Fig: 2. LOM microstructural overview micrographs of the two HMS or TIC-NiMo reinforced claddings, when prepared with the pre-test parameter conditions as well

a8 the oprimised conditions,

have a significantly smaller fraction of 4.9 % and 2.2 % for WoC and
FeqW4C respectively, The average size of the hardphases strongly relies
on the type: W particles within the HMS have an average size of 5.4 ym,
whereas W1C precipitations show 5.3 pm on average, MeC-tyvpe carbides
FeyWC feature 2.8 pm. For Co remains (1.8 %) within the HMS ag-
gloanerates 0.7 pm size can be averaged. The FesAl matrlx hag an
average grain size (dendrite arm size) of 6.2 pm.

The TiC-NiMo reinforced cladding features an PesAl matrix as
intended. Here, minor contributions of both, Ni and Mo (<2 at.% cach)
were quantified via EDS, but are in solid solution, since no inhomo-
genities or mtermetallic phases with contribution of Ki and Mo can be
found in the microstructure, TiC can be quantificd in both, the TiC-NiMo
cermet particle veglon as well as preclpltates, with no othes phases
present. The inner part of the precipitates shows slightly worse indexing
with Tit, which may originate from contributions of Al such as in Ti(AL
C or local Ti-enrichments in the carhide (TigC) [63] or eventual distor
tions due to residual stresses in the carbide,

Ag indieated In Tubile 4, 74.7 % TiC can be quantified via the large-
scan EBSD ns performed for this study, whereas 25,3 % FeaAl can be
pointed out, A significantly larger grain size of the matrix compared to
the HMS reinforced cladding can be seen with 11.2 pm average grain
size (dendrite arm size), whereas the TiC particles are smaller on average
(3.8 mm}. The varying grain size of the mairix may be atributed to the
energy input during LMY, here, o higher interaction time may bead to
slower cooling despite the higher energy input for the TiC-NiMo and
this smaller grain sizes. Also, a higher heat capacity of the TiC particles
than the HMS particles may aid to higher cooling rates [04].

In general, HMS particles seem to be more dissolved than the TIC-
NiMe cermet particles as refllected by the distance between the hard-
phase particles WC or TiC in the respective EBSD detail images.

2.2 Hot hardress amd rermoindentation results

Hot hardness tests show a guite similar hardness loss over temper-
ature for both claddings investigated, Fig. . The hardness at T = 20 °C
lies at 1008 + 52 HV10 for the HMS reinforced and at 1087 + 43 HV10
for the TiC-NiMe reinforced cladding, A nearly linear decrease of the

Harald Rojacz
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hardness with increasing temperatire frem 20 °C to 700 C can be
pointed out, where the claddings feature 536 + 45 HV10 (HMS rein-
foreed) or 624 + B7 HYV10 (TIC-NiMo reinforced). At T = 700 “C a muore
significant hardness loss is quantified, At 900 °C low hardness levels of
153 + 28 HV10 and 209 = 36 HV10 are determined for HMS and TiC-
Nio reinforced FesAl, respectively.

The transformation from FesAl to FeAl at temperatures abowve
=850 “C In binary Fe—Al alloys with 30 at.% s contributing a lot to
the decline in mechanical strength with incressing temperature, This
loss is slightly shifted to higher temperatures when Co, Ti, Ni or Mo is
added, in agreement with the increased brittle-to-ductile trangiton
temperatures and increased transformation temperature of Feghl to-
wards FeAl [65,60]. Previously we showed that the hardness of Feqal
prosiuced vie LMD (with 264 + 13 HVI0 at T = 20 “C) exhibits a stable
platean at ~230 HV10 wp to 500 “C, and declines to 97 + 15 HV 10
when reaching 900 “C [5], Compared to this, the hardness of the two
claddings {reinforced with HMS or TiC-NiMo) is significantly higher for
all temperatures tested.

The hardness of the FesAl matrix is 7.5 + 1.1 GPaand 7.2 + 07 GPa
for the HMS respectively TiC-MiMo reinforced cladding, g 4b. The
FegAl cladding without reinforcement provides anly —4.3 = 0.6 GPa
[5]. Comsequently, the modification of the FezAl matrix through soluting
Co (HMS reinforced cladding) or Ti, NI, and Mo (TIC-NIMo reinforeed
cladding) is leading to a significant hardness increase, The individual
hardphases present in the HMS reinforced cladding, exhibit 33.0 + 3.1
GPa {primary WC), 24.0 + 3.1 GPa (W2Ch and 154 + 0.8 GPa (MgC-
type cutectic carbides FegWyCh. The hardphases in the TiC-MiMo rein-
forced cladding vield 23.1 + 2.0 GPa (primary TIC) and 19.0 + 1.3 GPa
{precipitated TiC),

The individual phases also provide different redueced Young's moduli,
Fig. de, with 2217 & 17.4 GFa and 200.6 4 9.5 GPa for the FeaAl matrix
of the HMS and TiC-NiMo reinforced claddings, respectively, and 570.8
+ 23.5 GPa {primary WC), 414.5 = 350 GPa (WoC), 333.5 + 148 GPa
{eutectic FegW3C), 510.5 + 12.0 GPa (TiC), and 378.9 + 23,7 GPa (TiC
precipitates) for the individual hardphases. Here, the values are in good
accordance with data from existing literature, where FesAl ranges from
180 to 220 GPa (1], WC ranges from —450-650 GPa [£7,55], W,C from
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Fig. 3. 5EM images and EBSD phase maps for bath claddings.
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Tahle 4

Microstrueiural quantitative analyses: Phase fraction and average graln aize
Clshdisg Hasdimital sififs TIC-Mika
Phase Feghl  WE Wl PeWeC  Co Feudl TG
Phase fraction [Ya) ] 661 49 .2 1. 253 T4
Average grain size 2 54 B3 18 [ § il

[pm]

=350 to 400 GPa [66], FesWal (caleulated) 446 GPa [69] and TIC from
512 o 586 GPa [70],

In general, the phases of the TiC-NiMo reinforced cladding are safter
and exhibit a lower reduced Youngs meadulus than the phases within the
HMS reinforced cladding, despite slightly higher overall microhardness
HY 10 walwes. Thix can be anributed to the lower interparticle distance

Harald Rojacz

between the particles of the TiC-NiMo reinforced cladding as well as the
lower dissolution of the TiC-KiMo cermet particles into the FesAl matrix,
since lower interparticle distances lead to lower scratch paths and thus
less abrasion of the matrix, since the carbides mainly protect the clad-
ding against abrasion, while the matrix phase is worn out [7 1]. Here, the
particle shape and size have a crucial influence as well, bur the inter-
particte distance is governing for wear resistance; thus, despite compa-
rable hardness and shape and amount of hardphases present TIC-NiMo
reinforced claddings perform slightly worse, than the HMS reinforced
claddings due to the increased number of precipitations and thus the
reduced interparticle distance between the hardphases [72],

4. Abrasive wear behadowr

The abrasive wear rate of the claddings was quantified in accordance
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with the methedology outlined in the abrasion tests. The ASTM G465
standard was employed for the low-stress abrasion within the dry sand/
rubber wheel test at T = 20 °C, as well as for the high-stress dry sand/
sheel wheel test at T = 20 °C, 500 “C, and 700 °C, see Fig, 5

The low-stress abrasion tests revealed low wear mates for both
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Fig. 5. Abrasion tesis - low-stress and high-stress vs. temiperstine,

claddings, with HMS reinforcement exhibiting a slight advantage over
TIC-NiMo reinforcement. The wear rate for the HMS reinforeed cladding
is 00018 = 00004 mm " /m, while TIC-KiMo reinforeement only allows
for 0.0047 + 0.0017 mm®/m. The wear rates are higher when osing the
high-stress abrasion test and of course when testing at  higher
temperatures,

At a tempermture of 20 °C, the high-stress abrasion rates were found
to be 0.042 + 0.028 mm?/m for HMS and 0050 £ 0.0016 mm®/m for
TiC-NiMo reinforced claddings, An increase in temperature to 500 °C
resulted in a slight rise in wear rates at the HMS reinforced cladding,
with a rate of 0.044 + 0,002 mm® /m, while o more proncunced increase
was oheerved at the TIC-NiMo reinforced cladding, with a rate of 0.062
L 0001 mm*/m. At a temperature of 700 'C, the highest wear rates
were observed for both claddings, with values of (.054 -+ 0.002 mm”/m
and (LOG7 + 04 mm/m for the HMS and TiC-NiMo reinforcement,
respectively.

Despite exhibiting higher hardness, the TiC-NiMo reinforced clad-
ding displays higher wear rates across all conditions snd temperatures,
Thus, the ongoing wesr mechanisms at both abrasive conditions, namely
high-stress and low-stress, are investigated wvia SEM analyses for
medallographic cross-sections and the wear surface (7 60, In the case
af low-stress conditions, these investigations show thar all phases un-
dergo a relatively homogencous abrasion process. The reinforcement
with HMS results in a similar degree of abrasion, for both the matrix
region and the partiche region, The precipitated WaC carbides, in addi-
tion to the eutectic MsC-type FeyW4C carbides, provide sufficient pro-
lection against law-stress abrasion, The matrix region and the cemmet
regions within the TiC-NiMo cermet-reinforced cladding are different.
Despiie the presence of TiC precipliates, the matelx reglon bs suscepiible
to increased abrasive attack. The higher dilution and precipitation of
tungsten carbides during laser cladding of the HMS reinforced claddings,
however, enhance their wear resistance against low-stress abrasion.

The surface image (ingets of Fig. o) reflects the observed behaviour,
The large \W3C precipitates, combined with the FesWsC networks, offer
superior protection o the matrix compared o the standalome Tic pre-
cipitates, which remain intact while the matrix is worn away during
abrasion.

At high-stress conditions a similar behaviour was oheserved for the
different temperatures tested, Fiz. 7. AL T = 20 °C, the HMS reinforced
cladding shows a homogenous material-removal, while the matrix of the
TIC-NiMe refrforced cladding s more eastly abraded due to the lack of a
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Fig. 6. Wear mechanisms afier low-stresg abrasion tests ace. ASTM G65 Surface SEM imaging (small images) and cross-sectional analysis of the wear tracks
{larger images).

hardphase netwaork protecting it The formation of a self-protective MML
as previously observed in lron aluminide claddings with miner hard-
phase contents (1] or iron aluminide cast materials [ 3] does not suffie
ciently form, despite the presence of hardphase-lean areas within the
marix,

At elevated temperatures, mairix softening plays a crucial role in
both abrasion mechanisms and MML formation. As ohserved In the case
of the HMS reinforced cladding, & grester number of abrasive particles
become attached to the matrix region of the wear surface, resulting in a
minor degree of self-protection, This may contribute to the compara-
tively low wear rate observed at T = 500 °C {~0,044 mm®/m), Al
T00 "C, despite the low wear rates observed, the cross-sectional images
reveal chip formation, indicating that the matreix |5 unable w adeguately
support the FesWsC networks, resulting in enhanced matrix abrasion.
Alsn, a5 seen in the surface image, W2C precipitations are not that
prominent at the surface at T = 700 °C when compared to 20 “C, indi-
cating the lower protection effect of the precipiates at elevated
temperature,

Om the TIC-NiMo relnforced claddings, there is severe micro-cutting
at the surface due (o the lack of hardphase networks within the matrix
[74.74]. The cross sections show material overlap and deformation.
Despite the lower matrix hardness of 7.2 GPa (vs. 7.8 GPa for the HMS
reinforeed cladding) and lack of earbide networks, there is no increased
MML formation at elevated temperatures. Incressed wear in the matrix
region is present at all temperatures, similar to the low stress wear tests,
AL T = 500 "C livtle amount of abrasive material is incorporared into the
surface. The worm matrix fails to protect the TiC cermet particles at
higher temperatures, causing them o undergo increased abrasion
despite their stability.

4. Discussion
4.1. Microstructure — properties relation

As shown in the results sections, the microstructure of the cladding
has a strrong Influence on iis abraslon resistanee. The mechanical prop-
erties such as hardness of the individual phases are generally known to
Influence the wear resistance of materials [75]. Here, the HMS rein-
forced cladding has a significant advantage with —33.0 GPa of the pri-
mary W, ~24.0 GFa for the W4, as well as ~15.4 GPa for the eutectic
FeaWaC, which all outperform the quarte abrasive having —13 GPa.
Similar for the TiC-NiMo reinforced cladding, for which the hardphases,
primary and precipitited TiC, provide —23.1 GPa and 19.0 GPa hard-
ness, respectively. However, the matrix of both claddings is with 7.8 GPe
{HMS peinforced) and 7.2 GPa (TIC-NiMo retnforced), so much softer
than the abrasive material. As mentioned already in the results sections,
although the individual hardphages are softer within the TiC-NibMo
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reinforced cladding, the overall HVIO hardness is slightly higher
[LOE? HYL0 ws, 1008 HV10), Anyhow, equally iImportant [s the mate-
rials ability to form a protective mechanically mixed lnyer (MML), which
might be the reason for the controversial discussion of the strength of
hardphases to be beneficial [76,77] or detrimenta) [75] for the overall
wear resistance, For the claddings provided, the higher the hardness of
the individual phases, the higher the abrasion resistance, When looking
at the bulk hardness, the general correlation between higher hardness
and higher abrasion redstance has its limitations, since the load burden,
the abrasive and other factors may cause hard phases to fracture and
therefore elevate the abragive attack [79], Literature reports several
further factors influencing the abrasion resistance: i) scratch hardness
[Hr] was reported for differently strengthened iron aluminide claddings
in [5], but it did not correlate well with the high-stress abrasion results
presented in [4). The formation of a protective MML can reduce the wear
rate, leading to the conclusion that wear resistance cannot be general-
tzed based solely on hardness.

A further indication of the wear resistance of a particular material or
phase 1o another 15 the controversial comparison of the rato of hardness
o Young's modutus HAE [B1]. This ratie can give o mating for the wear
resistance, such as the Mohs hardness scale [H2]. All phases present in
the claddings have lower H/E ratios (WC and W2C — .06, TiC —0.05,
FegWyC ~ 0.045, and Feyal ~ 0.035) than quartz (H/E = 0.13). Factars
such as the metallurgical bonding of the hard phases, their quantity,
type, mechanical support of the matrix, temperature, MML formation,
hardphase cracking and breakots, all contribute massively 1o the wear
performance of a material. HYE or H*/E* are sometimes used as proxies
for toughness, especially fractire toughness, with quite lmited validiry
as well, indicating trends in fracture toughness of materials, bat not as
general indicator [B3), Anyhow, the fracture toughness seems to be
higher in WC-reinforced than in TiC-reinforced iron aluminides. In
general, studies indicate —15-22 MPa-m'™ for 40-80 volt WO rein.
forcement [54,85], whereas TiC-reinforcement leads to values of 6-12
MPam™? for 72-90 vol% TIC [B4]. Here, the lower fracture toughness
may be attributed to a lower interface strength (bonding between
hardphase and matrix) of the TIC 1o FeyAl compared to WC-Fesal,
combined with a higher Young's modulus (thus, the amount of cnergy
that can be absorbed by the material before fracoure) of WC aver TiC as
pointed out by the nanoindentation results, Also, the interfacial strength
ks crucial on hardness and voughness [27], the easler removal of hard-
phages during abrasion from the matrix leads to increased abrasive
attack [73,B8]. Thus, higher wear rates ooccur at the TiC-NiMo-
reiniforeed claddings despite higher macrs hardness.

4.2 Performance comparisen with ather hardfoacing solitions

In order to compare the abrasion performance of the developed
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Fig. 7. SEM investigations of cross sections as well as a1 the surface {individual insets) of the wear tracks for both claddings after high-stress abrasion tests {dry sand/

steel wheel testh at 20 °C, 500 "C, and 700 °C

claddings to commonly used wear protection solutions, wear data lrom
literature obtained at the same test conditions in vither low-stress dry
sandl/rubber wheel tests (ASTM G605 - procedure B) or the modified
high-stress dry sand/stee]l wheel test were taken and summarised in
Fig. H. For low-stress abrasion conditlons, the comparison shows that
mast of the commenly wsed wear protection solutions are outperformed
by the developed reinforced claddings, 1ip Sa. Compared to wear
resistant steels (—0.014-0.018 mm™/m) or high strength steels (0,023
mm’/m), and hypoeutectic FeCrC-based claddings (0,009 mm®/m),
both HMS or TiC-NiMo reinforced FesAl claddings are superior. Since
the HMS reinforeed cladding (0.0018 mm’/m} shows enhanced wear
regisiance over the TIC-NiMo reinforeed cladding (0.0047 mm>/m), the
further comparison is done with the HMS reinforced clvdding, At bow
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stress conditions at T = 20 °C, the wear rates of the HMS reinfonced
cladding (0.0018 mm® /m) is slightly lower than those of commonly used
hypereutectic FeCrC-based eladdings (Fe2BCrC) and FeCrCB{Nb, W)
with 00022 mm'/m and 0.0027mm’/m, respectively, Solely the
NiCriSi-based hardfacings with WC reinforcement does outperform the
HMS reinforeed cladding with 0,0074 mm”/m, because there, the matrix
itself is highly wear resistant as well, and chromium carbo-borides and
tungsten-mixed carbides are formed [22],

For high-siress conditions, both claddings are comparable o
commonly wsed wear protection selutions, Fig. Hb. AL room tempera-
ture, the HMS reinforced cladding (0.042 mmm) shows similar wear
rates as the hypereutectic FeCrONBWE cladding (0,041 mm®/m) as well
a5 the CraCy-NiCr thermal spray coating (0,044 mm’/m), outperforming
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Fig. B, Wear rate of the developed iron sluminkde eladdings compared to athes
wear priofection solution: a) low-siress abrsion ace. AFTM GES, b) high-stress
abrasion at {30 “C, 500 “C, and 700 “C). Color code: green - reinforeed fron
aluminide claddings from this sudy, blee - steels and steel easts [47,59], red -
FeCrC-bazed claddings [70], purpée - Ni-based hardfacings 171,52, and orange
- cobalt-hased claddings [4].

TiC-Mito reinforced Fal0Al fanaaas o r e na s e R ey

Stellite 21 (—0.052 mm™/m) as well as the NiCrASi+WC hardfacing
{0062 I:I'I.I:I:I:]f'.l'l'l_'l. Here, the TiC-NiMo reinforced ch!d!rrg shows similar
values to Stellite 21 with —0.050 mm®/m. Both castings FeCrC and
NiCrC as well as the hypereutectic FeCrCMoV cladding show lower wear
rates, either due to the formatlon of a seli-protecting MML (castings
[471) or higher amounts of hardphases present (claddings [901). At T =
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500 “C, similar wear rates of ~0.04 :run]_.-’m {FeCrC-cast and CryGy-NiCr
thermal spray coatingd and better wear rates than the rest of the
compared wear protection sofutions {~0.06-0,08mm” /m) are achicved
except for the NiCrC-cast. The same trend is obtained for T = 700 °C,
where the HMS reinforced cledding does outperform all the other wear
profection solutions (0,054 mm?/m vs. —(.08 mm?/m}, whereas the
TiC-NiMo reinforced cladding features slightly higher wear mates with
(067 mm? e,

Based on the results presented and the comparison with other
hardfacings, the developed highly reinforced FegAl-based claddings
with 70 vol#h HMS or TiC-NiMo provide promising wear data, with an
advantage (or the HMS reinforcement at both, low-stress and high-stress
thigh-temperature} abrasion conditions, These data makes the HMS
réinforced FesAl eladding & promising candidate as a sustainable alter-
native (o commaonly used wear protection with high amounts of Co, Cr,
ki and refractories wp to 700 °C, not only aiming on longer lifetime, but
covering all principles for sustainable materiale [29] with less density
and lower environmental footprint of the educks [23-26],
manifaciuring optimisation (lecalised functionalisation by cladding)
and increased recycling rate by the use of recyeled HMS, Here, possible
intended applications of these claddings ean be the heavy industry (e.g.
for materials handling, transportation, sieving, ete.] or as wear protec-
tion In the cement Industry or as alternative wear protection solutions
for the mining industry, which the wear data provided can be properly
compared (o the abrasive conditlons in real systems as pointed out in
[26,51,89].

5. Conclusions

The demand for high-performance, sustainable materials with
cnhanced hardness, temperature stability, and wear resistance are of
significant scientific and industrial interest. In response, we developed
hardphase-rich claddings based on recycbed hardmetal scrap (HMS, (o
minimize environmental impact) or TIC-NiMo cermet, combined with a
sustainable FesAl matrix, Both claddings, containing 70 vol% hardphase
content (grain sizes 125-350 ym). were produced using laser metal
deposition with pre-placed powder under optimised conditions (energy
density: 20-25 J/mm”). This process achieved low dilution with the
mibd seel substrate, strong metallurgical bonding, uniform hardphse
distribution, and minimal cracking within the FesAl matrix.

The high hardphase content resulted in excellent hardmess values of
1008 £ 52 HV10 for HMS reinforced claddings and 1087 + 43 HV 10 for
TiC-Nisao reinforced claddings, Hardness decreased almost linearly o
~550-600 HV10 a1 700 °C, with a more significant drop to ~150 HV10
ar 90 “C. The matrix's high-temperature stabllity and excellent hard-
ness (7.2-7.8 GPa) contribute to these properties, along with the rein-
forcement phases: WC (33,0 + 3.1 GPa), Wi (240 + 3.1 GPa), and
FesWsC eutectic carbides (15.4 + 0.8 GPa) in HMS reinforced claddings,
as well as primary TiC (23.1 + 2.0 GPa) and TiC precipitates {190 + 1.3
GPa) in TiC-NiMo reinforced claddings.

Room-temperature ghbrasion tests (ASTM G465 dry sand-rubber
wheel) showed low wear rates of 0,0018 + 0.0004 mm*/m for HMS
reinforced and 0.0047 + QL0017 mm®/m for TiC-NiMo reinforced
clacldings, ourperforming wear-resistant steels and FeCri- and NiCrBSi-
based claddings. High-temperature abrasion tests (dry sand /stecl wheal )
at 200 "¢, 500 G, and 700 °C revealed superior performance of HMS
reinforced claddings, with wear rates of 0.042 mm”/m (20 °C) and (.054
+ 0.2 e om (70000, compared to TIC-NiMe reinforced claddings
(0.0047 = 0.0017 mm’/m at 20 °C, D067 £ 0.004 mm®/m at 700 “C),
Detailed micrastructural lnvestigations indicate that the enhanced per-
formance of HMS reinforced  claddings, despite their slightly lower
hardness, is due to their high density of WyC precipitates, which better
resists abrasion.

Under high-stress conditions and elevated temperatures, the wear
resistunce of these claddings is comparable to conventional FeCrC.,
MNiCr-, and CoCr-hased materials. However, their significantly reduced
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environmental impact. achieved through the use of recycled hardmetal
seeap aind TIC-NiMo cermet hardphases, makes them sustainable alter-
natives fior demanding applications.
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Carbon footprint of laser claddings: From raw materials and processing to wear
protection solutions

H. Rojacz'*, G. Piringer?
" AC2T research GmbH, Vikior-Kaplan-Stralle 2/C, 2700 Wicner Neustadi, Austria

# Department Energy and Environment - Fachhochschule Burgenland. Steinamangersirafie 21, 7423 Pinkafeld, Austria

Abstract

Wear protection solutions extend the lifetime of core components across indusiries, reducing downtime
and improving sustainability through materials efficiency. Laser cladding is commonly used for wear
protection and 15 easy to refurbish. However, pertinent environmental impact data are scarce. This study
examines such data via life cycle assessment (LCA), specifically for metal powder production (gas
atomisation - GA), laser metal deposition (LMD}, and for the resulting cladding solutions.

Different wear protection materials, including FeCr-based matenials, Ni- and Co-based alloys, and
strengthened iron aluminides, were analysed using global averaged market data. The assessment of GA
and LMD considered the energy consumption of direct and indirect machinery and process gases during
powder production and laser cladding as derived from primary process data. The carbon footprint was
quantified as a commonly used representation of the environmental footprint.

Environmental impacts of raw materials reveal significant disparities: Co- and Ni-based alloys exhibit
the highest global warming potential GWP 100 (~37.6 kg COzy/kg and ~18.0 kg CO- kg, vespectively),
while iron-based alloys, particularly iron aluminides, have much lower values (=3.7-13.3 kg COwy/ka);
here the spread mainly stems from the use of Cr and added tungsten carbide. Regardless of the chosen
raw materials, the process of GA adds <2.0 kg COu/kg, with smelting (~75%) and nitrogen use
(~20.5%) as primary contributors. LMD adds a higher impact ~4.6 kg CO:z./kg, driven by laser system
cooling (~33%) and argon use (~38%). For laser cladding solutions on 5 mum steel substrates, FeCrC
coatings cause -5.5 kg CO:z/kg, NiCrBSi ~8.0 kg COxy'kg, CoCrC ~13.3 kg COxy/'kg, and iron
aluminides —4.4-7.1 kg COu/kg depending on additives. These values are lower than those of the raw
materials, because of the lower impact of the steel substrate.

Owerall, raw materials contribute most to the carbon footprint in laser cladding, but processing impacts,
particularly GA and LMD, are also substantial, The selection of suitable low-carbon materials may be a
key measure in the decarbonization efforts of industrial production.

1. Introduction efficacy of these solutions is contingent on the
specific industry, where machines are subjected 1o
diverse operating conditions {Stachowialk, 2014),
Metal matnix coatings {hardfacings) are employed

Wear protection solutions are designed to extend
the life of core components in various industries
by reducing the manifold forms of wear (Princuet ; ; ; ;
F EOOHEGE I ani0N0. iy o ': ( .I G in harsh environments, particularly in abrasion-
al., 2022). Commonly used solutions include ; ; i)

dominated and/or high-temperature applications
(Mellor, 2006). Various reinforced or strengthened
hardfacings are utilised to prevent wear, This is

achieved by the metallurgical precipitation of hard

engincering materials such as steels or other
metals, castings, surface coatings, hardfacings,
composites, ceramics or plastics (Widder et al.,
2023; Rojacz et al., 2018, Zhai et al., 2021). The
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phases (Rojacz et al., 2024) or the deliberate
addition of ceramic particles such as WC, TiC or
other carbides or borides within a metallic matrix
(Govande et al, 2022; Tandon, 2023). The
production of these coatings can be accomplished
by a variety of techniques, depending on the alloy
and hard phase content (Mellor, 2006). Thermal
spray coatings are utilised when elevated levels of
hard phases are necessary (over 90% hardphase
content are possible), and coatings with a low
percentage of pores and a thickness of up to 500
wm are adequate { Thakur & Vasudev, 2021). Laser
cladding, especially laser metal deposition (LMD)
has been demonstrated as a method for the
deposition of dense and metallurgically well
bonded coatings of wvariable thickness and
different matrix materials on different substrates
{Cavaliere, 2021}, with the potential to achieve
high hard phase contents up to 70% (Lian et al.,
2024), Another commonly employed hardfacing
technology is welding. Either electrode welding,
shielded metal arc welding (Singla et al., 2024), or
plasma transferred arc welding (Liu et al., 2016)
are commonly employed to achieve layer
thicknesses in the range of 750-2500 pm.

Minimising the wear helps not only to reduce
maintenance and downtime but improves overall
materials  efficiency and  thus  sustainability
(Woydt, 2021 and 2022). Longevity provides
hidden potential for reducing CO: emissions;
doubling the service life may result in a potential
of 1.46-6.77 Gt of embedded COsq (Woydt,
2022). Keeping in mind that Holmberg & Erdemir
(2017} assessed that 3% of the world’s energy is
used to remanufacture worn parts (16 EJ), the
authors estimated the potential for improvement,
at 40% within the next 15 vears through new
surfaces, materials and lubricants. Possible
measures  are  product light-weighting and
materials substitution, improvements in the vield
of materials manufacturing, more intensive use
and/or lifetime extension and enhanced recyeling
and reuse (UN Emissions Gap Report, 2019).
Laser cladding in particular has the advantage of a
more efficient materials usage., since only the
highly loaded surface is locally moditied (Zhang
& Liu, 2017), especially when refurbishing is an

option (Liu et al., 2016; Olofsson et al, 2021},
Also, with different materials measures, such as
the wse of iron aluminides coatings or thinner,
functional coatings light-weighting can be done
alongside a lifetime prolongation by increased
wear resistance (Rojacz et al., 2023; Xu ei al,,
2024). The ohjective of this study is to provide
estimates of therbon footprint of materials
selection, powder manufacturing as well as laser
cladding as key inputs and technologies in wear
profection.

The environmental impact of manufacturing bulk
materials for wear protection, such as castings or
sheet metal, is comparatively well understood, as
demonstrated by various life cycle assessment
(LCA) studies (Burchart-Korol, 2013; Ingarao et
al,, 2011; Yilmaz et al., 2015). However, there
remains a paucity of data on coating technigues. A
plethora of literature exists on various coating
techniques; however, a direct comparison is
challenging due to varying research objectives,
scopes, and methods, Serres et al. (2009}
conducted a comprehensive study, examining two
thermal spray coating techniques from cradle-to-
grave in detail. A further comparison was
performed by Serres et al. {2010) on plasma
spraying, high-velocity oxvgen fuel (HVOF)
spraying and laser cladding, but focusing on
environmental impact points per functional unit
(FL.

Additionally, the powder processing data exhibit
significant wvariability across materials (1-56
Mlkg) for GA, as highlighted by Gao et al
(2021}, Furthermore, data sources frequently lack
environmental impact values, as evidenced by
Tengzelius (2000}  and  Landi  (2023).
Consequently, the impact of powder processing is
often either overlooked entirely or only coarsely
estimated.

This study summarises the influence of three main
parts on coatings environmental impact: i) the
powder production, as presenied in this study via
actual data from a GA plant, ii) the impact of the
laser cladding (LMD) with data provided from
manufacturers and academia and iii) the influence
of the respective raw materials of commonly used
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Figure [ Schemaric flow scheme of the LCA performed and the respective system boundaries used for each step.

wear protection coatings typical for cach coating
technigue as well as an alternative solution.
Consequently, the impact of powder processing is
often either overlooked or estimated.

To facilitate a more robust comparison, the FU for
powder production was set to | kg of finished
powder, and the laser cladding process was
calculated for | kg of deposited cladding
{assuming an average density of 8 kg/dm’, based
on the chosen material solutions to show the
influence of raw materials as well).

Initially, the manufacturing of powders and the
coating technique are assessed, and subsequently,
the data is merged and adapted in order to estimate
the environmental impact of the respective coaling
solutions investigated. This is based on actual data
from manufacturers. but with global averaged data
for raw materials, process media, and energy from
literature and the ecoinvent 3. 10 database, with a
focus on the global warming potential, The
functional unit for the total GWP of the wear
protection solutions is set to | m® of produced
wear plate at a given coating and substrate
thickness.

This approach assumes comparable lifetimes of
the respective wear protection solutions, a
hypothesis supported by the findings of numerous
studies (Rojacz et al,, 2025; Rojacz et al., 2024b;
Widder et al., 2023; Krell et al., 2020}, In order to
facilitate a more robust comparison with other
studies, the data is also provided in kg COuy/kg
wear protection solution, since the majority of

studies are mass related (Rachid et al, 2023;
Norgate et al., 2007).

This study therefore summarises the influence of
three main parts on coalings  environmental
impact: 1} the powder production, as presented in
this study via actual data from a gas atomisation
plant, ii) the impact of the laser cladding (LMD)
with data provided from manufacturers and
academia and i) the influence of the respective
coatings materials with commonly used wear
protection coatings typical for each coating
technigque as well as an alternative solution.

2. Methodology

This chapter provides a concise overview ol the
mput data, raw materials, alloying concepts,
powder production, deposition and machinery
considered in the performed LCA. The study
utilises global market processes from the
ecoinvent 3.10 database (Wernet et al., 2016), as
well as data from literature as specified in this
chapter. The GWPI00 values were quantified
from the datasets via the ReCiPe 2016 method
{midpoint) from Huijbregts et al. (2007) via the
openLCA  2.1.1 (GreenDelta, GmbH. GER).
Ditferent processing steps and the total assessment
of laser cladding solutions” carbon footprint were
estimated via the mentioned methods and datasets,
and various system boundaries were considered,
which are graphically summarised i Figure 1,

As illustrated in the figure, raw material data were
evaluated from cradle-to-gate, incorporating
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either market processes or existent literature. For
the processing (i.e. powder manufacturing and
laser cladding), the ecoinvent database (Wermnet et
al., 2006) was utilised, encompassing process
media, energy carrier, machinery and any requisite
auxiliary  processes, including  peripheral
machinery. For the wear protection solutions,
specifically laser cladding solutions, cradle-to-
gate calculations were performed, comprising all
steps  from  wtilised raw  materials  through
processing to the final laser cladding solution.
Mote: neither transportation nor the use phase nor
other (processing) steps beyond those mentioned
in the following subsections were included in the
caleulations. To facilitate a robust comparison, the
FU for powder production was set to 1 kg of
finished powder, and the laser cladding process
was calculated for 1 kg of deposited cladding
(assuming an average density of § kg/dm’, based
on the chosen material solutions to show the
influence of raw matenals as well). Initially, the
manufacturing of powders and the coating
technigue are assessed, and subsequently, the data
is merged and adapted in order 1o estimate the
carbon footprint of the entire coating solutions
investigated. This is based on measured primary
data from manufacturers, but with global average
data for raw materials, process media, and energy
from literature and the ecoinvent 3.10 database,
with a focus on the global warming potential. The
functional unit for the total GWP of the wear
protection solutions 1s set to | m* of produced

wear plate at a given coating and substrate
thickness,

This approach assumes comparable lifetimes of
the respective wear protection  solutions, a
hypothesis supported by the findings of numerous
studies (Rojace et al., 2025; Rojacz et al., 2024b;
Widder et al., 2023; Krell et al., 2020), In order to
facilitate a more robust comparison with other
studies, the data 1s also provided in kg COup'ke
wear protection solution, since the majorty of
studies are mass related (Rachid et al,, 2023:
Morgate et al., 2007),

2.1 Materials selection

A range of typical cladding matenals were
selected for investigation, as these have been
previously identified as being capable of
withstanding abrasion at high-stress and low-
siress conditions event at high temperatures
exhibiting similar wear rates {Rojacz et al., 2024;
Rojacz et al., 2025a;, Widder et al., 2023; Krell et
al., 2020). FeCrC and FeCrNbYC have been
identified as reliable wear protection solutions up
o 500°C (Rojacz et al., 2023), whereas for higher
temperatures, NiCrBSi or CoCrC materials are
utilised (Varga, 2017, Varga et al. 2017). More
sustainable alternatives are strengthened or
reinforced  ron  aluminides, which  fealure
beneficial HT and wear properties and show low
wear rates up to 700°C. These are represented in
this study as FeAlB, FeAIHHMS and FeAHWC,
showing a comparison of alloying with 20 at.%

Tithle 1 Chemical composizion of the respective coating solutions investigated.

Cladding s chemical composition five %]
Elemeni/ -
additon | Fecrc | F "C;:"" NiCrBSI | CoCrC FeAlB FI;;:; F:ﬁf'
Fe 67.6 618 10 2.5 73.1 5.3 6.0
N 0 A 72 33 . z :
Co " = - 578 . - -
Cr 23 16 12 30 - - -
Mo = 6.5 = K = % E
W . 7 . 4.6 - - =
Nb_ E 4 - . oH = R
Al = = 5 = 213 0.6 9.5
c 48 16 1 12 . : E
B . - » . 5.7 - :
Ma 1.5 0.6 = - - . -
S 1.l 0.3 = 11 = = s
HMS E N . Ve - 4.1 5
W - - z . . Bd.5
4
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boron (B), or reinforcing iron aluminides with 70
vol.% of recycled hardmetal scrap (HMS) or
tungsten  carbide (WC). The  chemical
compositions of the claddings are presented in
Table 1.

In this study, changes in the chemical composition
due to dilution with the substrate were not
considered, due to usually low dilution during
laser cladding (Cavaliere, 2021). An intermediate
powder efficiency of 70% was chosen, which is in
the mid-range of ~50-92% as reported by Koti et
al. (2023}, compensating the resulting offset in the
alloying powder.

Since this study shall provide global average data
for raw materials, global (GLO) or rest ol the
world {RoW) market dprocesses from ecoinvent
310 database {(Wemet et al., 2016) were chosen
when available. For the sake of completeness, the
respective datasets from the ecoinvent database or
from literature for the GWP 100 values from cradle
to gate (raw material state) are summarised in
Table 2.

2.2 Input data and assumptions for the
powder manufacturing

The manufacturing of powder materials can be
achieved through a variety of techmiques, ranging
from solid-state reduction to electrolysis and
atomisation (Lavernia et al., 2024). Among these
methods, atomisation has emerged as the
predominant  technique for metal powders
employed in LMD applications. Atomisation can
be facilitated through water or gas, while heating
can be conducted in fumaces, via plasma or
through direct induction {Lavernia et al., 2024).
The atomisation process data were provided by a
manufacturer and the averaged numbers for the
whole matenial’s palette (Fe-, Co-, and Ni-base
alloys) with units per kg finished powder. For this
atomisation technigque an induction furnace is used
to melt the metallic materials and a tundish for
holding the melt at a given casting temperature.
The melt is discharged into a nitrogen stream to
achieve powder formation, which is then
separated via a cyelone, Subsequently, a tumbler
is used to blend and homogenise the powder prior

to or following sieving. A comprehensive

summary of the machinery, peripheral machinery
and process gas utilisation is provided in Table 3.

Table 2: Marke! delivery processes from ecoinvent or oihier

shindies,
Element | Delivery process | :
addition name Seurce
Market for steel, low R
Fe alloyed, GLO cooinvent
Ni Market for mickel, ecomvenl
class 1, GLO
P Market for cobalt, T
v GLO
cr Market for e
: chromium, GLO s
Market for 5
Mu wmolybdenum, GLO eoinvent
Muss &
L Tungsten Eckelmann
(2014)
Muss &
Nt Minhium Eckelmann
(2014
Market for
Al alumininm, primary, ecninvent
ingid, RoWw
Murket for graphite, R
C GLO ecninvent
Wu et al.
A Fenn (2021)
Mn Krke-for ecoinvent
manganese, GLO
Market for silicon,
Si metallurgical grade. ecoinvent
GLD
Zimakov et al,
Hardmetal scrap {20007 y*
HME prisduced by
disintegrator milling Kulu et al
{2003
Marker for tungsten
Wi carbide powder, ecoinvent
GLO

*aapecific erergy of TT6 klkg i provided for disintegrator milling of HMS
anil metal pasaders in fmokoy el al. CO0T), whene the GWEP |00 was caleulbed
via the global pverage elocincily mix fecolimvent — market group for electacity.
high viltage. GLEO) wilh an addifion of 50 finr sieving.

The electric energy used for | kg or | dm? with a
respective averaged materials density of 8 kg/dm®
materials as presented in Table 3 was calculated
via eq. |, where P is the power consumption of the
aggregate [kW), LF the load factor [%a], ta the time
needed for the production step of | kg finished
powder with proper size [h] and m the mass of 1 kg
and pe, the powder efficiency, thus ratio of powder
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in and out of the suitable range after sieving Table 4). Atomisation, ratios of ~1 kg of gas to

(pe=45%).

E t
F:P,E,_ﬂ._ quH

| kg of produced powder is common {Boes et al.,

2020) and shows that the data from production are
in @ usual range (see Table 4).

Table 4: Delivery processes from ecoimvend or oflier stdies
far pewder manufacturing.

Tirbfe 3: fuput data powder momufecturing: gas afomisofifon, Element / Delivery process /
; i Source
E addition name
nergy use per | Energy use per
kg finished dm?* finished : Market group for
Machi i
o powder powder E:;:TTI electricity, high eeoinvent
[kWh/kg] [kWh/dm"] “TE: voltage, GLO
Induction 5 ; Market for nitrogen :
2083 ; i Tl ' i
furnace 08 16.664 Nitrogen liquid, RoW ccoinvent
Tundish 0.193 1 544
Centrifuge (L6 0368 2.3 Life cvcle assessment of a laser
Cyclone 0.043 0.344 cladding process
Fambier ki el For laser cladding or laser metal deposition
_’:;““ﬁfr“w 0044 0352 (LMD}, a high-energy laser is employed 1o melt
b ol and fuse powder particles onto a substrate. LMD
Sieve 0.002 0.016 facilitates precise control over coating thickness
Nitrogen use Nitrogen use and energy density, thereby ensuring optimal
Process | per kg finished | per dm’ finished hase constitution and minimising dilution of
media powder [kg powder® [kg P : 2 i & : i
Nao/kgl Na/dm?] reinforcement and  substrate. The powder 15
Nirogen o T introduced via a carrier gas, from a puw:icrvbﬂd.\ur
pre-placed. Among these methods, the powder-fed

* Valume af the finished powder is considered o be the senuml vislume of
metal; nod the bulk densiny. An averaged densaty of 8 kg/idm' & assumed

The atomisation rate of the assessed water and gas
atomisation plant is approximately 290 kg/h each,
However, the power data and respective
production times are to remain confidential.
Mevertheless, the data provided offers valuable
insight into the energy and nitrogen use during
atomisation, as well as the electricity use for
peripheral machinery. Nitrogen is utilised as
atomisation gas at a ratio of approximately | kg of
zas to 1 kg of produced powder are typical (Boes
et al, 2020), indicating that the data from
production are within the expected range. The gas
atomisation  process requires 24351 kWhikg
(19.604 kWh/dm?) electrical energy and 0.978 kg
MNakz (7.824 kg Na/dm?) finished powder, For the
assessment of the GWP, global averaged GLO or
rest of world data RoW for the LCA were selected
accordingly for electricity and nitrogen use (see

approach is the most prevalent and 15 the primary
focus of this study, (Li et al., 2024; Zhu et al.,
2021). The underlying parameter for laser
cladding 1s based on the average in-house
expertise of AC2T research GmbH in hardfacing
deposition,

For the purposes of this study, it is assumed that
the coatings have a thickness of 1.6 mm, as
previously determined ina separate publication by
Rojace et al. (2024a). This thickness was achieved
using a laser spot size of 24=3 mm?®, a relative
velocity of 10 mm/s, and an average energy
density of 3750 W/mm?®, which is equivalent to an
absorption coefficient of a=01.54. A summary of
the considered laser cladding parameters 1s
presented in Table 5. Note: the conversion of
volume-based to weight-based process data was
always averaged with 8 kg/dm?, while the density
of the claddings actually ranges from 6.04 kg/dm’
(FeAlB) to 13.9 ke/dm’ for FeAl+WC.
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Table 5: Considered laser cladding parameters,

Laser energy density 3750 Wiem?

Deposition rate 45 dm''h
Transpom_& shielding Al

Eis
R.csu!ti_ng coatings 16 i
thickness
045 dm'/h or 3.6 kg'h
Deposition rate {averaged density of
8 kg'dm?)

For the powder feeding and as shielding gas
26 1/min of argon (at atmospheric pressure) are
considered, which can be converted 1o 0,22 I'dm?,
(.37 kg/dm® or ~0.028 Vkg of argon (at 200 bar
gas pressure) o fit the market delivery process per
kg impact unit / kg. The electric energy used for |
dm* as presented in Table 6 was calculated via
eq.2, where P is the power consumption [kW], LF
the load factor [%], fv the time needed for
deposition of | dm? cladding [h] (in the assessed
case 2.22 htotal deposition time), 1 the volume of
| dm?.

E— o — 1 —
;=P (eq2)

Thus, for the laser cladding process itself, solely
0.37 kg/dm* argon and a total of 3594 kWh/dm*
or 4.50 kWh'kg cladding are used.

1.4 Addition of impacts and correlation

In this paper, the GWP of different laser cladding
solutions will be compared. To this end, the GWP
data of the different alloying variants described in
2.1, the powder manufacturing described in 2.2,
and the laser cladding itself (2.3) will be
accumulated and compared for different wear
protection solutions (laser claddings as finished
product). The study will elucidate the overall
GWP of a specific wear protection solution and the

To this end, the following parameters have been
selected for investigation:

- Functional wunit: 1 m* wear prolection
solution (wear plates)

- Substrate: 1 m? sheet metal mild steel {e.g.
S235IR) with a thickness of 5 mm (see
Table & for delivery processes)

. Coating: 1.6 mm with the respective
chemical composition (1.6 dm%m?® wear
plate)

Tabie 6 Process data used for the laser cludding

ASSEREMenT
Process
- Amount
media
Argon 0.028 Iidm?® (200 bary
Energy
Load per
, Power P factor cladding
Muachinery (kW] LF S
[50] ENVIEWh!
dm?]
Eiepetiods 5 1005 1111
laser
Lazer
cogfing 14 T [5.560
KVshem
Rodwg 1.6 0% 1.07
Suction 1 I 505%* .22
Bl 0.09 100% 0.2
feeder
P{J1-1‘ﬂ't’f 6 o 0.8
mixer

*ssumption of $0% loager e span for suction befome amd after clackding foa
wirkspace salety

Tubie 7: Deltvery processes from ecoinmvent or offer studies.

impact of each processing step on the overall P“';'::’ D'-‘““"f"‘.‘f’ process o
s T me name
GWP, as well as the imfluence of differemt
atomisation processes, S Marki:.l A i :
Electricity electricity, high ecoinvent
voliage, GLO
Argon Miket far argo, ecoinvent
L liquid, RoW
2
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2.5 Addition of impacts and correlation

In this paper, the GWP of different laser cladding
solutions will be compared. To this end, the GWP
data of the different alloying variants described in
2.1, the powder manufacturing described in 2.2,
itself (2.3} will be
accumulated and compared for different wear
protection solutions (laser claddings as finished
product). The study will elucidate the overall
GWP of a specific wear protection solution and the

and the laser cladding

impact of ecach processing step on the overall
GWP, as well as the influence of different

atomisalion processes,

To this end, the following parameters have been

selected for investigation;

] Functional wnit: 1 m* wear protection

solution (wear plates)

. Substrate: T m? sheet metal mild steel {e.g.

S235IR) with a thickness of § mm (see

Table 8 for delivery processes)

. Coating:

1.6 mm with the respective

chemical composition (1.6 dm*/m* wear

plate)

In general, all values along the production chain

were summed up, where the values per mass were
considered for the substrate, raw materials. and
powder manufacturing and volume-based units
and densities were used to add the offset for laser

cladding per m® or kg (considered with actual

i:l 40 1 )
WC
ol HMS:
& XA i
E W
8 o |-
g A
=, i
Ll HE:
W
20 4 Mo L
Ci
=] Ce
£ 13 Hi [=
E Fe
10 - =
£ ] _
Qg
|'_'| -

F & P €
“p&ﬁ g &

o

Global warming patential (kg Cy,, fdm?] ~—

5 & ¥ B 8 B &

2

o

densities and the respective volume ratio of
substrate and coating).

Table &; Delivery processes frown ecainmvent or oifer studies

Jowr the chosen substrate materiol.

Material mlwf"}' process Source
name
Steel Murket for sieel, e
substrate | unalloyed, GLO ey

3. Results and discussion

3.1 Environmental impact of raw
materials

The environmental impact of raw materials,
respectively the GWPL00 values assessed [rom
global market delivery values are presented in
Figure 2.

Significant differences in the GWP1L0 values of
different alloving concepts are evident. In general,
lower values can be pointed out for iron-based
alloys. FeCrC yields 898 kg COb kg (64.72 kg
COhegdm®) and FeCrNbVCB 822 kg COxgkg
{6929 kg CO2p/dm®). Here, the main driver of the
GWPLOD is Cr with a contribution of ~79% for
FeCrC with 25wt Cr and -~55% for
FeCrNbVCE with 16 wt.% Cr. For the latter, also
the refractories (Wb, V, Mo with a total of
~2 wt.%) have a significant share of approx. 25%
of the GWPL00 value, For the NiCrBSi alloy, a
GWPI0O of 18.04 kg COsg/kg or 147.72 kg
COs/dm?® was assessed. Here, the majority of the

L ; ) y o
B v co., oY -
1 kg CO,, %o -3 ;T(
_ -3
o
4 L a5 [
- "
a
k15 g
g ’ - 10
- 2
4 i 35 B &
] N7 ;ﬁ A

+
& ﬂ“’ﬁ & & Qfﬁ‘?ﬁ &

%

Figure 2: Global warming potential data of diffevent oladding vartanes based an their row materials impact.
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greenhouse gas (GHG ) emissions can be attributed
to Ni with ~74%, Cr ~19% and Al with -6%. The
Stellite-type  alloy CoCrC with 30 wit% Cr
features the highest GWP100 values of 37.56 kg
COu'kg or 32731 kg COx/dm® where the
highest relative contribution to the GHG
emissions is caused by Co (75%) and Cr (23%),
Iron aluminides FeAlB and FeAl+HMS vield the
lowest GWP100 of all materials assessed: here,
the lightweight concept of FeAlB and the
comparatively low impact of Fe, Al, and B as well
as the recycled HMS makes them a proper wear
protection with comparable performance o the
other materials assessed (Rojacz et al, 2014,
Rojacz et al., 2025 c.d). Raw maiterials used for
FeAlB cause 6.04 kg COnpkg or 3822 kg
COuy/dm’ and FeAHHMS 2.09 kg COxgkg or
28.32 kg COy.e/dm?®.

The same concept of reinforced iron aluminides as
FeAl+HMS but with prestine WC (FeAl-WC)
causes a significantly higher GWP of 28.71 kg
COaeg'kg or 39971 kg COup/dm?® entailed by the
high relative impact of tungsten carbide due to its
energy intense production and the emission of CH:
o air, ace, Ma et al., 2017; here, the significant
reductions possible by using recyeled WC or HMS
are as well assessed by Furberg et al. (2019).

In general can be said, that two main chemical
elements are the most impactful, Co and Ni. Here,
the high GWP100 impact values of Co and Ni,
lead to high relative contributions of the raw
material’s impact. This is mainly caused by the
processing of these metals; Cobalt causes
significant impacts during mining and refining
(Farjana et al, 2019). Fer nickel, grinding,
flotation and the electrolysis are the mam drivers
for GHG emissions (Bai et al, 2022 and Su et al.,
2024}, Also, the influence of tungsten carbide
cannot be neglected; here, the use of recycled
HMS can significantly decrease the environmental
impact compared to the use of new WC {as pointed
out for hardmetals by Furberg et al, 2019),

3.2 Environmental impact of powder
production
The LCA on the gas atomisation process indicates
an overall value of 197 kg COxg/kp for gas

atomisation of | kg finished powder, considenng
gas atomisation itself, peripheral machinery, as
well as sieving with a materials efficiency after
sieving of 45% with a total of 2.451 kWhikg
(electrical energy and 0,978 kg Nokg considered
for | kg finished powder. The GWP100 analysis
indicates (Figure 3) that smelting in an induction
furnace contributes approximately 67% (1.52 kg
CO:0kg), followed by nitrogen utilisation for
atomisation (20.3%, 0.19 kg COakg). The
tundish, emploved for maintaining the melt at the
aromisation temperature, accounts for 6% (0,16 kg
COz/kg).

Il beechicten hiiracs

Bl Tundish
Cenirifugs

B Cyciona

[ R

B Mvogen eviponmher

B Sieveg . “.n »

B Nerogen ol
1% h’-
1%

L]

Figure 30 Contritadion of different process media ar
machinery to the GIWP IO of the powdey manufacturing
process gesessed.

Peripheral machinery has been found to yield less
than 5% of the GHG emissions caused by the gas
atomisation process assessed. Studies found, that
the powder production process  causes
approximately 2 kg COz/keg. For comparison,
electric induction gas atomisation (EIGA) or
plasma rotating electrode process (PREP) have
been found to have GWP values ranging from
approximately 0.4 to 2.0 kg COu/kg (Spreafico,
2024). The process of local smelting via induction
shows certain advantages in terms of energy use
and argon consumption; however, as pointed out
in this study, process optimisation increases
productivity and thus improves the GWP values.
The energy use presented in this study is also
consistent with the findings of Gobber et al (2024),
who reported energy consumption ranging from 2
kWh'kg to 6.6 kWh'kg powder, resulting in GWP
values of up to 6 kg COuy/'kg finished powder.
Also, in a similar order of magnitude (6-
10 kWh/kg) were findings from Gao et al, (2023),
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3.3 Environmental impact of laser
cladding

Based on the use of 0.37 kg/dm® argon and a total
of 3096 kKWh/dm' or 387 kWh'kg average
cladding, a GWP100 value of 36.57 kg COx/dm?
or 457kg COuxpgkg cladding (assuming an
average cladding density of 8 kg/dm?). The
respective contributions to the GWP100 values of
argon and the energy consumption of the
machinery used, are plotted in Figure 4. Here, the
highest contribution of argon can be pointed out
with 38.3% (14.0 kg COq.p/dm?), which is caused
by the eryogenie air distillation process as pointed
out in the ecoinvent dataset for the argon
production as well as in Zhang et al. (2024). The
cooling unit consumes most of the electric energy,
thus second highest contribution to the GWP100
can be shown (31.5% or 11.3 kg), while melting
and the actual energy consumed by the laser ranks
third (22.5%).

I Argon ok i

Bl Dveci diode laser 2 1%
Laser cooling unit

I Robat

B Sucton

B Powder feadar

I Powder mixes

%

3%

1%

Figre 4 Contribution of different process media or
mrchinery o the GHEHN of the faser cladding procesy
assessed.

Peripheral machinery such as robot, suction and
the powder feeder play a subordinate role with an
overall contribution of 7.1% of the total GWP 100,
A comparison to other studies, shows, that similar
values have been assessed for LMD or laser-based
additive manufacturing, Gao et al. (2021) report an
approximate energy utilisation of -5 kWh/kg in
similar laser manufacturing processes; Kokare et
al. {2023) 25 kWh/kg but for selective laser
melting. Wei et al (2024) reports a range of values
of ~20-50 kg COxykg for laser direct metal

deposition, a sub-variant of LMD, caused by high-
relative velocities and thus high use of laser power
and energy loss. Anyhow, reasonable and
comparable GWP100 wvalues were achieved
which strongly depend on gas utilisation, power
and energy usage during melting and the
peripheral machinery considered.

3.4 Environmental impact of laser
cladding solutions

To summarise the environmental impact of
different materials, a functional unit of 1 m# wear
protection {(wear plates) was caleulated for each
solution, with the respective ratio of base plate and
cladding via densities. The basis of this caleulation
was 1 m® sheet metal mild steel {e.g. S235JR) with
a thickness of 5 mm and 1.6 mm cladding
thickness, with the respective chemical
composition of each alloying variant previously
shown. The results of the GWPIOD wvalues
including substrate materials, cladding’s raw
materials, powder processing and laser cladding
are graphically summarised in Figure 5.

Here, the relative contribution of cach considered
process step or material is shown, which strongly
differs between the respective alloying concepts
and the wtilised raw materials. The substrate
material (mild steel sheet metal, e.g. 5235 JR),
generally wields 9537 kg COzxp'm?®. The lowest
relative share of the substrate can be pointed out
for CoCrC (~13.5%) and MNiCrBSi (22.9%),
whereas the iron aluminides FeAlB and
FeAl+HMS vield 40.6% and 44.3% relative
impact of the substrate on the wial GWP of the
respective laser cladding solution.

The influence of the raw materials in the
hardfacing is the most significant; in general can
be said, that iron-based laser cladding solutions
feature the lowest impact on the GWFP 100 of the
alloying concepts, especially, the iron aluminides
with exception of FeAl+WC due io its high
content of tungsten carbide. Here, raw materials
vield 103.6 kg COwy/m® for FeCrC, 1109 kg
COsy'm?® for FeCrNbY OB, 2364 kg COs/m? for
NiCrBSi, 523.7Tkg COwng'm* for CoCrl and
2024 kg COwng/m® for FeAl+WC. Lowest raw
material impact can be seen for FeAlB and
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FeAl+tHMS with 61.1 kg COz/m* and 36.5 kg
COuey/m?, respectively. For these two claddings,
the light-weighting via Al and B and/or the low
impact of the educts, Fe, Al, B and HMS cause
these low walues and thus, making them
sustainable alternatives (with similar or befter
performance than the other laser claddings
assessed acc, to Rojacz et al, 2025b and c). In
general, the relative contribution to the GWP100
values for the raw materials vsed ranges from
74.3% (CoCrC) and 56.8 (NiCrBSi) to ~-26% for
FeAlB and FeAl+HMS.

Here, the high GWP100 impact values of Co and
and Ni, lead to these high relative contributions of
the raw matertals impact. This is mainly caused by
the processing of these metals especially during
mining and refining {Bai et al, 2022, Farjana et al,
2019, and Su et al., 2024),

Powder manufacturing causes the lowest relative
impact — only 2.2% 10 9.1% of the GHG emissions
of laser cladding solutions are accounted to the
powder manufacturing caused by the respective
density of the materials as well as the presence of
“low-impact” hardphases such as HMS, where the
lowest contribution of powder manufacturing can
be pointed out (FeAl+HMS - 4.8 kg COu/m?).
The impacts are 22.8 and 26.6 kg COze/m? for
FeCrC and FeCrNbVCB, respectively; 25.8 kg
COzp'm?® for MICrBSi, 275kz CO./m® for
CoCrC, 20.0 kg COxg/m?® for FeAlB and 29.9 kg
COzeg'm? for FeAl+WC.

R

Laser cladding itself, contributes 5851 kg
COz/m?* for all laser cladding solutions (wear
protection solutions), Here the relative impact
strongly depends on the contribution of the raw
materials. where, lower values are calculated for
CoCrC (8.3%) and NiCrBSi (14.1%) and high
relative impact of LMD can be shown for iron
based alloys {from 15.5% FeAl+WC to 27.2% for
FeAl+HMS).

In general can be said, that the raw materials and
the substrate contribute most to the GWP1L00 of
laser  cladding  solutions (from 66.6% for
FeAl+tHMS to B7.8% for CoCrC), whereas
processing solely yields in between 12.2% to
33.4%,. Thus, the processing must be taken into
account when considering the GWP100 of a wear
protection solution, but the majority of the GHG
emissions can be attributed the raw materials and
their refining.

Comparing the total GWPL00 values of the laser
cladding solutions in kg COg/'kg and kg COs/m?
wear protection solution, with the respective
densities and matenials utibisation considered,
iron-based alloys show the lowest relative impact:
5.54 kg COneq/kg (280.2 kg COue/m?) and 5.55 kg
COuno'kg (2914 kg COwy/m?) for FeCrC and
FeCrNBVCUB, respectively, 4.78 kg COuxy'kg or
235.0 kg COwy'm? for FeAlB, 4.44 kg COu'kp
(240.1 kg COu/m?) for FeAI+HMS and 7.12 kg
CO:pke or 3862 kg CO-'m? for FeAl-WC,
Highest GWP (0} values can be pointed out for
NiCrBSi (7.98 kg COzkg or 416.1 kg COy/m?)
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and CoCrC with 13.31 kg COu/kg or T05.1 kg
COuey'm?, respectively.

For comparison: Wei et al (2024) reports over
3.62-15.76 kg for depositing a stainless steel
(316L) of 15=15=10 mm* via laser direct metal
deposition, a sub-variant of LDM, leading to
GWPI00 values of ~12.6- 54.7 kg COne'kg,
Given the high speeds and the high impact of
substrate and coating (18 wt.% Cr, 10 wi.% Ni)
and the therefore high needed laser power, the
values are in a good overall agreement. Peng et al,
{20197 report values for laser cladding of approx.
(1.8 kg COu/ke; here the deviation to the present
study is the lowered amount of shielding gas and
lower laser powers utilised. A good agreement of
the GWPILOD values can be shown with Kokare et
al. (2023); here, selective laser meliing, including
powder manufacturing as well as  substrate
materials cause approximate GHG emussions of

and 15.5 kg COq.y/kg, respectively.

3.5 Comparative discussion on other wear
protection solutions and
manufacturing techniques

For cast wear protection materials, the carbon
footprints of similar materials were presented by
the authors in Rojacz (2025¢); there, Fe-based cast
materials with similar chemical composition as
FeCrC resulted in 13.8 kg COs ke, whereas for
the claddings FeCrC yielded a GWP100 of 8.97 kg
COe'kg and FeCrC 8.22 kg COxy/'kg. Ni-based
cast alloys ranged from 20 to 22 kg COxy/kg at
similar Cr conients; here the cladding features
decreased values of 18.07 kg COs/kg. Co-based
material (Stellite 21 in both cases) show similar
values for casting and cladding with 31.2-39.5 kg
CO2ekg and 37.55 kg COq kg, respectively.

The claddings” advantage for most of the materials
stems  from the low-impact steel substrate
combined with the low coating thickness and the
local functionalisation of the matenal. For LMD
and powder manulacturing the addition of these
processes 1o the GWPL00 onto the raw materials
impact  ranges from  12% (CoCr(C) w 33%
(FeAlB), depending on the respective raw
materials” impact, For casting, the relative
contribution to the total GWP of a cast material

ranges from 9% (Co-base alloy) to 15% (FeAl).
Regardless, a local functionalisation and the
possibility of an easy refurbishment always vields
nearly 30% of energy and impact savings (Pusateri
& Olsen, 2024). Here, not only the technique used
for repairing, but also the materials utilisation as
well as the complexity of the parts’ geometry
cannot be neglected, since these highly influence
the productivity and thus the environmental
impact along the repair chain (Wurst et al., 2023).

In general, the better wear performance of iron
aluminide claddings over CoCrC and NiCrBSi
shall be emphasized (Rojacz et al, 2025 b-d),
where the sigmificantly reduced impact (as shown
in this study ) compared with better performance at
different temperatures caused an overall increased
sustainability by implementing all points for
enhanced materials sustainability as given in the
UN emissions gap report (2018) with lowered
densities, better production yield, elongated
lifetime and enhanced recveling (e.g. use of HMS
in FeAl+HMS). This leads to an overall reduced
environmental impact of the wear protection
solutions based on FeAl per vear due to a reduced
demand for remanufactured parts.

4. Conclusions

A life cycle assessment of different wear
protection solutions produced via laser metal
deposition (LMD is presented in this study, based
on averaged processing parameters used in
industry, For different alloying concepts, the
impact of raw materials  used, powder
manufacturing via gas atomisation, laser cladding
and the total global warming potential (GWP100)
of different laser cladding solutions was assessed.
The following major conclusions can be drawn;

# The raw materials and the respective
alloying concepts cause a significant
impact; Raw materials for Co- and Ni-
based alloys yield the highest GWP100
(~=37.6 kg COuykg and ~18.0 kg
COqy'kg, respectively), while Fe-based
alloys, particularly iron aluminides, have
much lower values. Cr-alloyed materials
FeCrC and FeCrNbVB wyield 8.97 kg
COuo'kg and B21 kg COgkg,
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respectively, while FeAlB features 6.04
kg CO.y kg, FeAl with 70 wvol%
hardmetal scrap (HMS) vields 3,74 kg
CO2g kg and FeAl with 70 vol% WC
causes 1333 kg COsp/kg. Thus, the
impact of the alloying and reinforcement
and further, the influence of light-
weighting and recyeling are pointed out.

Powder manufacturing, more specifically
gas atomisation, yields 1.97 kg COs kg
powder. The largest cause of greenhouse
gas (GHG)  emissions  during gas
atomisation is smelting with 67% relative
contribution { 1.52 kg COu/kg), followed
by nitrogen utilisation for atomisation
(20.5% or 0.19 kg COuy'kg). The tundish,
and other peripheral machinery has been
found to yield less than 6% of the GHG

emissions during powder manufacturing.

Laser cladding, more specifically LMD
causes 4.57 kg COugkg  deposited
cladding. Here, the highest contribution
can be pointed out for the argon use with
38.3% (1,75 kg COup/dm?). The cooling
unit for the laser consumes most of the
electric energy (31.5% or 1.41 kg), while
the actual energy consumed by the laser
ranks third (22.5%). Peripheral machinery
only plays a subordinate role,

For laser cladding solutions  (wear
protection solutions with 5 mm substrate
and a considered 1.6mm cladding
thickness), the overall GHG emissions
strongly depend on the alloying raw
materials  and on the substrate
specifications, since these two together
cause a relative impact of ~66.6% to
87.8% of the total GWPI100, while
powder manufacturing and laser cladding
combined cause 12.2% o 33.4%.
Comparing the total GWP100 values of
the laser cladding solutions, Fe-based
alloys show the lowest relative impact:
5.54 kg CO2q/kg (280.2 kg COxy/m?) and
555 kg COo/kg (291 4 kg COyy/m?) for
FeCrC and FeCrNbVOB, respectively,

4.78 kg COuy'kg or 235.0 kg COz/m* for
FeAlB, 444 kg COspkg (24001 kg
COz'm?) for FeAl+HMS, and 7.12 kg
COwng'kg or 3862 kg COnym* for
FeAIFWC. The highest GWP100 values
were obtained for NiCrBSi (7.98 kg
COwnokg or 416,01 kg COxy/m®) and
CoCr(C with 1331 kg COsg'kg or 7051
kg COuy/m?, respectively. Therefore, at
similar or better wear performance as
indicated in current Iiterature, Fe-based
alloys, especially  boron-alloyed or
hardmetal  scrap  reinforced  iron
aluminides compare favourably with Ni,
Co, and Cr-rich hardfacing solutions
when it comes to their carbon footprint,

Overall, this study presents new values for the
carbon footprints of a wide range of cladding
materials and LMD-based matenals solutions that
are based on primary industry data, The findings
show that an appropriate choice especially of the
cladding alloy can dramatically reduce the overall
solution’s carbon footprint, This in turn can
contribute substantially to decarbonization efforts
in industry while maintaining equally good or
even better wear protection performance.
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7 Concluding remarks and outlook

Four approaches to increase the sustainability of materials and reduce their environmental
impact are reported in the UN Gap Report (2018), where the main goal of this thesis is the
development of alternative wear protection coatings covering all 4 approaches and omitting

critical raw materials:

e Product light-weighting or materials substitution
e |Improvement of materials manufacturing and production
e More intensive use and lifetime extension

e Enhanced recycling and reuse (end-of-life)

Product light-weighting and materials substitution was achieved with the materials selection.
Since the performed life cycle assessment (LCA) in Publications | and Il showed significantly
lower impact of cast iron aluminides (~8.4t COgeq/t) compared to 13.81 COo2eq/t for
conventional high-Cr-alloyed cast steels, Ni-base alloys (~20-22 t CO2¢q/t) or Co-base alloys
(31-39 t CO2¢¢/1) the task was to strengthen the comparatively soft FezAl phase (~260 HV10)

with different measures to reach sufficient wear resistance.

To improve the materials manufacturing, laser cladding via laser metal deposition (LMD) was
chosen. For castings the whole component is made from valuable wear protection material,
while laser metal deposition allows the local functionalisation on a substrate (preferably with

lower environmental impact than the cladding), only at positions requiring wear protection.

Since iron aluminides show low hardness values, strengthening must be performed in order
to be competitive or superior to currently used wear protection solutions such as FeCrC-, NiCr-
or CoCr-based materials for high-temperature applications. To achieve a more intense use
and lifetime extension, following alloying elements and ranges were used to strengthen or

reinforce the FesAl matrix:

e Silicon (1-5 at.%): solid solution strengthening

e Titaniumand boron (1-3 at.% Tiand 3-6 at.% B; Ti:B=1:2): precipitation strengthening
via TiBo of different sizes

e Carbon (1-20 at.%): precipitation strengthening via perovskite-type carbides FezAlC<1;
graphite formation at 20 at.% C

e Boron (1-20 at.%): precipitation of borides FeB/Fe2B in different (primary/secondary

precipitations)
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e Boron and carbon (1-20 at.%; C:B=1:1): precipitation strengthening via perovskite-
type carbides FesAlC<1 alongside borides Fe2B with an indication of slight intermixing
of B and C into the respective other hardphase (carboboride formation); at 20 at.%
B+C graphite is formed.

e Recycled hardmetal scrap (30-70 vol.%): reinforcement with primary WC via HMS and
WC/W2C precipitations, solid solution hardening of the matrix via Co present in scrap.

e TiC-NiMo cermet particles (70 vol.%): reinforcement with primary TiC and TiC

precipitations; solid solution hardening of the matrix via Ni and Mo.

The variant with the recycled hardmetal scrap is the contribution of the developed claddings
to enhanced recycling. Also, when claddings are worn, refurbishing with LMD can easily be

done several times to restore the required geometry.

Resulting from the microstructures and present phases, the achieved maximal hardness
levels of each Fe-Al alloying variant at 20 °C were ~370 HV10 at 5 at.% Si, 360 HV10 at
3 at.% Ti and 6 at.% B, ~500 HV10 at 10 at.% C, ~815 HV10 at 20 at.% B, ~500 HV10 at
20 at.% B+C and ~1100 HV10 with reinforcements of recycled hardmetal scrap (HMS) and
TiC-NiMo cermets, where a stable hardness >700 HV10 up to 700 °C was quantified. Stable
hardness levels were achieved for the other alloys up to 600 °C were ~60-70% of the

hardness at 20 °C remained.

Wear rates strongly depend on the present phases and their respective hardness - at room
temperature and low-stress abrasion, higher hardphase content as present in the B-alloyed
claddings and the reinforced variants show the lowest wear rates of ~0.004 (20 at.% B),
0.002 mm3/m (70 vol.% HMS) and ~0.005 mm3/m (70 vol.% TiC-NiMo cermets). Here,
currently used wear protection ranges from 0.010-0.022 mm3/m for wear resistant steels,
and some FeCrC-based claddings range from 0.004-0.008 mm3/m, so the performance of
the developed claddings is significantly better than those from currently common used wear

protection solutions.

At higher temperatures and high-stress abrasion conditions, the wear resistance can be
achieved in two ways. Si- and Ti+B-alloyed cladding variants have comparatively low hardness,
but abrasives are easily incorporated into the surface (mechanically mixed layer formation)
and self-protects the surface against wear, leading to decreasing wear with increasing
temperature, ranging from 0.03 mm3/m at 20 °C to ~0.01 mm3/m at 700°C to. Higher
hardphase containing cladding variants such as with 20 at.% B or 20 at.% B+C feature wear

rates between 0.05 and 0.06 mm3/m; increasing with increasing temperatures.
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Reinforced claddings with 70 vol.% hardphases feature ~0.04-0.05 mm3/m (HMS) and
~0.05-0.07 mm3/m (TiC-NiMo cermets) - higher wear rates obtained at higher
temperatures. Here, typically used claddings on FeCrC-base are in the range of 0.04-
0.08 mm3/m and Co- and Ni-base claddings from 0.05-0.08 mm3/m, thus the developed
claddings show superior performance at elevated temperatures and high-stress conditions
which leads to increased lifetimes of wear protection solutions with strengthened or

reinforced iron aluminide claddings.

The global warming potential (GWP100) of the developed claddings compared to currently
used claddings on FeCrC-, NiCr- or CoCr-based was estimated in a LCA. Here, the results show
a significantly lower GWP100 from the raw material use at the iron aluminide claddings
developed in this thesis compared to the others - reductions of over 60% compared to cobalt-
based claddings can be achieved. The raw materials as well as the substrate contribute the
most to the wear protection solution’s GWP100 with ~66.6% to 87.8%. The cladding process
and powder manufacturing contributes 12.2% to 33.4%, whereas cladding to powder
manufacturing rates roughly 2:1. A total GWP100 for 1 m2 wear plate or per kg, considering
5 mm mild steel sheets and a laser cladding with a thickness of 1.6 mm was estimated. Fe-
based alloys show the lowest relative impact: 5.54 kg CO2eq/kg (280.2 kg CO2¢¢/M?) and
5.55 kg CO2eq/kg (291.4 kg CO2eq/m?) for FeCrC and FeCrNbVCB, respectively, 4.78 kg
CO2¢q/kg or 235.0 kg CO2eq/m?2 for FeAlB, 4.44 kg COgeq/kg (240.1 kg CO2eq/m2) for
FeAl+HMS and 7.12 kg CO2eq/kg or 386.2 kg CO2q/m? for FeAl+WC., whereas here “FeAl”
represents the abbreviation for iron aluminide, considering 30 at.% Al (FesAl phase). Highest
GWP100 values can be pointed out for NiCrBSi (7.98 kg CO2¢q/kg or 416.1 kg CO2¢q/m?) and
CoCrC with 13.31 kg CO2eq/kg or 705.1 kg CO2¢q/ M2, respectively.

This clearly shows the good wear resistance of the iron aluminide claddings, outperforming
most of the currently used wear protection solutions and with the further advantage of a

significantly reduced environmental impact and the absence of critical raw materials.

Further improvements can be achieved when also matrix strengthening can be reached,
making the matrix harder and more abrasion resistant. The strengthening also leads to a
better mechanical support of the hardphases, causing less hardphase fracture and break-out
entailing decreased wear. Less environmental impact can be achieved when strengthened
with low-impact elements, such as Si or Ti. Also, recycled hardphases with higher wear
resistance than hardmetal scrap can be envisioned, alongside the strengthening, leading to

even better wear performance and lower environmental impact during production.
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