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AAbbssttrraacctt  

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 CO2eq/t compared to 13.8 t CO2eq/t of high-

Cr-alloyed cast steels, Ni-base alloys (~20-22 t CO2eq/t) or Co-base alloys (31-39 t CO2eq/t). 

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 Fe3Al (260 HV10) and wear resistance, 

strengthening with different alloying elements was performed. Here, an Fe3Al 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 Fe3Al 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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KKuurrzzffaassssuunngg  
Um Verschleißteile zu ersetzen, werden 3% des weltweiten Energieverbrauchs (16 EJ) 

aufgewandt, was ein enormes Einsparungspotential an Treibhausgas-Emissionen darstellt. 

Daher können alternative Verschleißschutzlösungen mit geringeren Umweltauswirkungen 

und ohne kritische Rohstoffe wesentlich dazu beitragen diese Emissionen zu reduzieren, da 

insbesondere bei höheren Temperaturen, Co-, Cr- und Ni–Werkstoffe eingesetzt werden 

(kritische Rohstoffe mit vergleichsweise hohen Umweltauswirkungen). Daher ist das 

wesentliche Ziel dieser Studie, nachhaltige Alternativen für den Hochtemperatur-

verschleißschutz aufzuzeigen, die alle Ansätze zur Verringerung des ökologischen 

Fußabdrucks eines Werkstoffs berücksichtigen: i) Verringerung der Dichte, ii) Prozesseffizienz 

bei der Herstellung, iii) Lebensdauerverlängerung und iv) Erhöhung des Recyclinganteils. 

Diese Ansätze und ein genauer Blick auf mögliche Alternativwerkstoffe für den 

Hochtemperaturverschleißschutz zeigen, dass Eisenaluminide nur etwa ~8,4 t CO2eq/t 

Erderwärmungspotential aufweisen und im Vergleich zu 13,8 t CO2eq/t von hoch-Cr-legiertem 

Stahlguss, Ni-Basislegierungen (~20-22 t CO2eq/t) oder Co-Basis-Legierungen (31-39 t 

CO2eq/t) deutliche Emissionseinsparungen bei der Produktion ermöglichten. 

Da Eisenaluminide eine geringere Dichte als Werkstoffe auf Fe-, Ni- oder Co-Basis aufweisen, 

ist eine weitere Einsparung erfüllt. Um die Produktion effizienter zu gestalten, wurden die 

Eisenaluminide als Laserbeschichtung ausgeführt, um Substrate durch lokale 

Funktionalisierung gegen Verschleiß zu schützen. Um die Lebensdauer zu verbessern, wurden 

verschiedene Legierungskonzepte auf Fe3Al-Basis erarbeitet. Legieren mit Si, C und Ti+B 

führte zu vergleichsweisen geringen Härten <500 HV10 bei 20 °C mit stabilem Niveau bis 

600 °C - aufgrund der niedrigen Härte und geringen Hartphasen wird Abrasiv in die 

Oberfläche eingearbeitet, was zu einem Selbstschutzeffekt und so zu niedrigen 

Verschleißraten von 0,01-0,05 mm³/m bis 700 °C führt. Bor und Kohlenstoff führen zur 

Ausscheidung von FeB/Fe2B und Fe3AlC<1 und einer Härte von ~800 HV10 sowie 

Verschleißraten zwischen 0,03 und 0,05 mm³/m. Zur Lebensdauerverlängerung und 

Erhöhung des Recyclinganteils wurden bis zu 70 vol.-% recycelter Hartmetallschrott oder TiC-

Cermets der Fe3Al-Matrix beigefügt. Hohe Härten von 1100 HV10 bei 20 °C bzw. ~700 HV10 

bei 700 °C, führen hier zu geringen Verschleißraten von 0,04-0,05 mm³/m (20 °C – 700 °C). 

Zusammenfassend zeigen alle entwickelten Beschichtungen vergleichbare oder bessere 

Verschleißeigenschaften als derzeit verwendete Verschleißschutzlösungen mit hohen 

Anteilen an Cr, Co und Ni, aber mit einem bis zu 60% reduzierten CO2-Fußabdruck (Co-Basis). 
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11  IInnttrroodduuccttiioonn  aanndd  mmoottiivvaattiioonn  
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 

CO2eq 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]: 

• Product light-weighting or materials substitution 

• Improvement of materials manufacturing and production 

• More intensive use and lifetime extension 

• 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 CO2eq/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].  
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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. 

 

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 Fe3Al) 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/dm³) [26] than cobalt-base alloys with ~8.8-9.0 kg/dm³ and nickel-base alloys (~8.8-

9.0 kg/dm³) [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 I and II) 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 III to VI) was performed with silicon (solid solution 

strengthening), as well as precipitation strengthening via borides (TiB2 and FeB/Fe2B), 

carbides (perovskite-type carbides Fe3AlC<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 VII 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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22  WWeeaarr  aanndd  wweeaarr  pprrootteeccttiioonn  
This chapter summarises abrasive wear mechanisms at ambient and elevated temperatures 

and possible wear protection measures.  

22..11  FFuunnddaammeennttaallss  ooff  aabbrraassiivvee  wweeaarr  aatt  aammbbiieenntt  aanndd  eelleevvaatteedd  tteemmppeerraattuurreess  

22..11..11  AAbbrraassiivvee  wweeaarr  pphheennoommeennaa  

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, c) microfatigue, d) microcracking, image adapted from [41]. 



 

Harald Rojacz  6 

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]: 

• GGoouuggiinngg:: 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. 

• HHiigghh--ssttrreessss  aabbrraassiioonn 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]. 

• LLooww--ssttrreessss  aabbrraassiioonn 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. 

• SSoolliidd  ppaarrttiiccllee  eerroossiioonn  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 

WV times the hardness of the wearing material H divided by the normal load FN 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.  

22..11..22  HHiigghh--tteemmppeerraattuurree  aabbrraassiioonn  

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].  



 

Harald Rojacz  8 

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: 

• Thermal materials softening  

• Thermal fatigue 

• 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 °C and 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 significant 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.  

22..11..33  HHiigghh--tteemmppeerraattuurree  aabbrraassiioonn  tteessttiinngg  

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 µm), 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. 

22..22  WWeeaarr  pprrootteeccttiioonn  aaggaaiinnsstt  ((hhiigghh--tteemmppeerraattuurree))  aabbrraassiivvee  aattttaacckk  

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]: 

• Matrix elements: usually Fe, Ni or Co 

• Strengthening elements for matrix strengthening: Cr, Mn, Si, N, B and Mo 

• 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: 

• MMeettaall  mmaattrriixx  ccoommppoossiitteess  ((MMMMCCss)) 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. 

• CCeerrmmeettss 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 Cr3C2 as hardphases 

in binders such as nickel, cobalt or iron aluminide intermetallics [105]. Here, 

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

• CCeerraammiicc  ccooaattiinnggss 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]. 



 

Harald Rojacz  12 

• IInntteerrmmeettaalllliicc  mmaatteerriiaallss  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] 

• Other possible wear protection solutions are rreeffrraaccttoorryy  mmeettaallss due to their high 

melting points and thermal-mechanical stability [13], different ssuurrffaaccee  ttrreeaattmmeennttss 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 Cr7C3 carbides are found in a 

hypereutectic matrix with secondary precipitations (Cr7C3 and Cr23C6) [113], featuring good 

hardness and wear resistance up to 500 °C [47,66].  
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An iron aluminide cladding with a Fe3Al 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 

Cr7C3 alongside rectangular Nb(Mo)C,B (medium grey) and Cr(Mo)23(C,B)6 (bright grey) 

precipitations [113]. Stellite 21 features a Co(Cr) matrix with Cr7Cr3 carbides (bright spots), 

Figure 4e. An example for a thermal spray coating is presented in Figure 4f, where the darker 

grey particles are Cr3C2 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) Cr3C2-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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33  SSuussttaaiinnaabbiilliittyy  aassppeeccttss  
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. 

33..11  LLiiffee  ccyyccllee  aasssseessssmmeenntt  

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]. 

 
Figure 5: Stages of a product’s lifecycle as shown exemplarily via an ecological footprint (adapted from 

[117]). 

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]. 

 

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]: 

• The product system and the function of the product system 

• The functional unit 

• System boundaries and allocation procedures  

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

• Data requirements, limitations and assumptions 

• Values, optional components and requirements for data quality 

• 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]: 

• Abiotic resource depletion 

• Cumulative energy and exergy demand 

• Biotic resource depletion 

• Utilisation of (fresh) water 

• Land use 

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

categories: 

• Climate change (global) 

• Depletion of the stratospheric ozone layer (global) 

• Formation of photo-oxidants (continental/ regional/ local) 

• Acidification (continental/ regional/ local) 

• Eutrophication (continental/ regional/ local) 

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

• Human toxicity 

• Ecotoxicity 

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

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

33..22  LLiiffee  ccyyccllee  aasssseessssmmeenntt  ooff  mmaatteerriiaallss  aanndd  tthheeiirr  pprroocceessssiinngg  

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: 

• Develop work practices and maintenance 

• Optimise processing 

• Substitute raw materials 

• Use new, more sustainable technologies 

• 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 CO2eq 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 CO2eq/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 CO2eq/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, II and IX). 

33..33  PPootteennttiiaall  eeccoollooggiiccaall  iimmppaacctt  rreedduuccttiioonnss  bbyy  mmaatteerriiaallss  aanndd  ttrriibboollooggyy  

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 CO2eq 

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 CO2eq.  
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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: 

• 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 CO2eq). 

• 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]. 

• Rolling resistance of tires can be optimised by materials and geometry measures 

[145]. Considering optimised tires to save 170 kg CO2eq 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 I (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 CO2eq/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 CO2eq/t material) savings of 2.00–6.77 Gt CO2eq 

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]. 



 

Harald Rojacz  21 

The most significant possible strategies for materials efficiency enhancements as 

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

 
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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44  IIrroonn  aalluummiinniiddeess  

44..11  OOvveerrvviieeww  oonn  mmiiccrroossttrruuccttuurree--pprrooppeerrttyy  rreellaattiioonnsshhiippss  

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. 

 

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.  

• FeAl (bcc – B2 ordered) 

• Fe3Al (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 Fe3Al 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 TiB2 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 Fe3AlC0.5 are expected to precipitate, whereas increased C-contents, Fe3AlC0.69 

as well as Fe3AlC is formed [164,165]. Cementite Fe3C and Al4C3 [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 Fe3Al [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].  



 

Harald Rojacz  24 

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. 

 
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).  

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

treatment at 400 °C; from [160]. 
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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 °C a peak in the yield stress can be seen for annealed and as-cast state of the material. 

Here, the phase transformation from DO3 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.  

44..22  UUssee  aass  wweeaarr  pprrootteeccttiioonn  mmaatteerriiaall  

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 Fe3Al leads to beneficial 

mechanical properties and a feasibility of these reinforced iron aluminides in sliding 

conditions at RT. 

An abrasive wear study of Fe3Al 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-Fe3Al 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 



 

Harald Rojacz  26 

melt infiltration. Here, lowest wear coefficients in a pin abrasion-tester were found for FeAl 

or Fe3Al 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 Fe40Al 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-Fe3Al 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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55  MMeetthhooddoollooggyy  

55..11  LLaasseerr  ccllaaddddiinngg  

All laser claddings for this thesis were produced with a Coherent HighLight 10000D 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 technique 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.  

PPoowwddeerr  PPaarrttiiccllee  ssiizzee  [[µµmm]]  

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 

Hardmetal scrap [192,193] 125 - 350 
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 ~150×100×10 mm³) 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.  

PPaarraammeetteerr  PPaarraammeetteerr  wwiinnddooww  

Laser power 4 kW – 7 kW 
Laser spot size 24×3 mm² 

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. 

55..22  AAbbrraassiioonn  tteessttiinngg  aatt  aammbbiieenntt  aanndd  eelleevvaatteedd  tteemmppeerraattuurreess  

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. 

 

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. 

PPaarraammeetteerr  LLooww--ssttrreessss  aabbrraassiioonn  tteessttss  HHiigghh--ssttrreessss  aabbrraassiioonn  tteessttss  

Normal load 130 N 45 N 
Relative velocity 2.3 m/s 1 m/s 

Wheel revolutions 6000 or 2000 
(Procedure A or B) 600 

Counterbody wheel Neoprene rubber – 60 Shore A Martensitic, wear-resistant 
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 µm 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. 

55..33  CCoommpplliimmeennttaarryy  mmaatteerriiaallss  aannaallyysseess  

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 µm × 400 µm 

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 × 10 mm) utilizing an Empyrean diffractometer 

(Malvern Panalytical Ltd., UK) with a Cu-Kα source at 1.54 Å 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 µN to 10,000 µN. 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]. 

55..44  LLiiffee  ccyyccllee  aasssseessssmmeenntt  

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 I 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 II 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 I and II and version 2.1.1 for Publication IX. Data on 

materials and processes were taken from the ecoinvent 3.8 (Publication I and II) 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: 

• Global warming potential 

• Cumulative energy demand 

• Terrestrial ecotoxicity 

• Fossil depletion 

• Water depletion 

• Metal depletion 

As functional unit, 1 dm³ wear protection solution was chosen for Publication I and II, 

whereas 1 m² 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 1 l 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. 

 

Figure 13: Schematic flow scheme of the LCA performed. 

In all three publications with LCAs, this scheme was followed. In Publication I and II 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 II, 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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66  SScciieennttiiffiicc  ccoonnttrriibbuuttiioonn  
This chapter provides an overview of all publications that originated from this thesis. The 

findings of Publications I and II 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 III 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 III 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 VIII 

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.  

66..11  CCoonnttrriibbuuttiioonn  ttoo  tthhee  ffiieelldd  aanndd  nnoovveellttyy  

PPuubblliiccaattiioonn  II 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/m vs. ~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. 



 

Harald Rojacz  43 

For the functional unit of 1 dm³ wear protection produced for a certain lifetime, 1.4777 

features ~ 350 kg CO2eq/dm³, where the best-performing iron aluminide (Fe25AlTiB) features 

~300 kg CO2eq/dm³ considering similar lifetimes and ~55 kg CO2eq/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  PPuubblliiccaattiioonn  IIII 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 

CO₂eq/dm³ (equivalent to 8.4-13.8 t CO₂eq/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/dm³ or 31.2-

39.5 t CO2eq/t. The lowest emissions during production are caused by iron aluminide-based 

alloys, at approximately 57 kg CO2eq/dm³ or 8.4 t CO2eq/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 50 t CO2eq/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 CO2eq/a. 

Furthermore, this measure has the potential to achieve over 50% emission savings in other 

environmental impact categories. 
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PPuubblliiccaattiioonn  IIIIII features the results of the development of novel Fe3Al-based iron aluminides 

providing notable HT properties at a comparatively low overall ecological impact. To improve 

the wear resistance of the Fe3Al matrix, different strengthening strategies are studied for 

which Fe3Al-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 μm (1 at.% Si) to ∼50 μm 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 Fe3AlC0.6 with 

a RT hardness of 405 HV10. The Ti- and B-alloyed cladding exhibits finely dispersed TiB2-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 μm) 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 PPuubblliiccaattiioonn  IIVV, where the strengthened iron-aluminides (Fe3Al-

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/m at 20 °C 

to ~0.01-0.02 mm³/m at 700 °C) for all alloyed Fe3Al-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. 



 

Harald Rojacz  45 

To increase the hardness to levels of commonly used hardfacings, boron and/or carbon was 

utilised to precipitation strengthen Fe3Al-based claddings. In  PPuubblliiccaattiioonn  VV  LMD Fe3Al-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 Fe3AlC0.6 (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 Fe3Al 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, Fe30Al20B cladding demonstrates the lowest wear rate 

(0.0024 mm³/m) - outperforming other claddings like FeCrC or Stellite - but also Fe30Al10B 

and Fe30Al10B10C claddings offer high wear resistance (0.0133 mm³/m and 

0.0173 mm³/m, respectively). These results highlight the better performance of the 

developed Fe3Al-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 PPuubblliiccaattiioonn  VVII:: Fe30Al20B 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 Fe30Al10B10C 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 Fe2B-type borides alongside smaller ones 

compared to the combined formation of perovskite-type Fe3AlC0.6 carbides, smaller Fe2B 

borides, and graphite nodules observed in Fe30Al10B10C. 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  PPuubblliiccaattiioonn  VVIIII, where hardmetal 

scrap (HMS) particles with average particle sizes of 300 and 500 µm and Co contents of 4–

8 wt.%. are used to reinforce a Fe3Al matrix with contents of 30 vol.% and 50 vol.% HMS. Here, 

a significant increase in hardness, from approximately 270 HV10 (Fe3Al-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 Fe3Al-

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 Fe3Al matrix as 

presented in PPuubblliiccaattiioonn  VVIIIIII..  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 Fe3Al matrix and for the TiC-NiMo 

reinforced cladding, TiC (~25 GPa primary, ~19 GPa precipitations) as well as ~7.6 GPa for 

the Fe3Al 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 Fe3Al-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,  PPuubblliiccaattiioonn  IIXX 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 (Fe30Al20B and 

Fe30Al+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 I and II. Co- and Ni-based alloys exhibit the 

highest global warming potential GWP100 (~37.6 kg CO2eq/kg and ~18.0 kg CO2eq/kg, 

respectively), while iron-based alloys, particularly iron aluminides, have much lower values 

(~3.7–13.3 kg CO2eq/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 CO2eq/kg, NiCrBSi 

~8.0 kg CO2eq/kg, CoCrC ~13.3 kg CO2eq/kg and iron aluminides ~4.4–7.1 kg CO2eq/kg 

depending on additives. Here, Fe30Al20B causes 4.78 kg CO2eq/kg and Fe30Al+70 vol% HMS 

4.44 kg CO2eq/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 Fe30Al20B 

and Fe30Al+70vol.% HMS over currently used FeCrC-, NiCr- or CoCr-based laser claddings. 

SSuummmmaarryy  ooff  tthhee  sscciieennttiiffiicc  ccoonnttrriibbuuttiioonn  aanndd  ccllaaddddiinnggss  ddeevveellooppeedd::  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 Fe3Al. A graphical summary of selected microstructures is 

presented in Figure 15: 

• Silicon (1–5 at.%): solid solution strengthening 

• Titanium and boron (1–3 at.% Ti and 3–6 at.% B; Ti:B=1:2): precipitation strengthening 

via TiB2 of different sizes 

• Carbon (1–20 at.%): precipitation strengthening via perovskite-type carbides Fe3AlC<1; 

graphite formation at 20 at.% C 

• Boron (1–20 at.%): precipitation of borides FeB/Fe2B in different (primary/secondary 

precipitations) 

• 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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• Recycled hardmetal scrap (30–70 vol.% HMS): reinforcement with WC via HMS and 

WC/W2C precipitations, solid solution hardening of the matrix via Co from scrap. 

• 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 eennhhaanncceedd  

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

 

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 III, 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. 

 

Figure 15: Properties of selected developed claddings and comparison to other wear protection materials: a) 
hot hardness; combined data from [Publication III, VI & VIII], b) Wear rates in low-stress abrasion tests at 20 °C 

acc. ASTM G65 combined data from [Publication V & VIII, c) 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.  

 
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 CO2eq/kg, CoCrC ~13.3 kg CO2eq/kg, 

and iron aluminides ~4.4–7.1 kg CO2eq/kg depending on additives/reinforcement. Here, 

Fe30Al20B causes 4.78 kg CO2eq/kg and Fe30Al+70 vol% HMS 4.44 kg CO2eq/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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66..22  LLiisstt  ooff  ppuubblliiccaattiioonnss  

Publication I 
H. Rojacz*, G. Piringer, M. Varga 

IIrroonn  aalluummiinniiddeess  --  AA  sstteepp  ttoowwaarrddss  ssuussttaaiinnaabbllee  hhiigghh  tteemmppeerraattuurree  wweeaarr  rreessiissttaanntt  mmaatteerriiaallss  
Wear 526 (2023) 204754 
 

Publication II 
H. Rojacz*, D. Maierhofer, G. Piringer 
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77  CCoonncclluuddiinngg  rreemmaarrkkss  aanndd  oouuttllooookk  
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: 

• Product light-weighting or materials substitution 

• Improvement of materials manufacturing and production 

• More intensive use and lifetime extension 

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

PPrroodduucctt  lliigghhtt--wweeiigghhttiinngg  aanndd  mmaatteerriiaallss  ssuubbssttiittuuttiioonn was achieved with the materials selection. 

Since the performed life cycle assessment (LCA) in Publications I and II showed significantly 

lower impact of cast iron aluminides (~8.4 t CO2eq/t) compared to 13.8 t CO2eq/t for 

conventional high-Cr-alloyed cast steels, Ni-base alloys (~20-22 t CO2eq/t) or Co-base alloys 

(31-39 t CO2eq/t) the task was to strengthen the comparatively soft Fe3Al phase (~260 HV10) 

with different measures to reach sufficient wear resistance. 

To iimmpprroovvee  tthhee  mmaatteerriiaallss  mmaannuuffaaccttuurriinngg, 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 iinntteennssee  uussee  

aanndd  lliiffeettiimmee  eexxtteennssiioonn, following alloying elements and ranges were used to strengthen or 

reinforce the Fe3Al matrix: 

• Silicon (1–5 at.%): solid solution strengthening 

• Titanium and boron (1–3 at.% Ti and 3–6 at.% B; Ti:B=1:2): precipitation strengthening 

via TiB2 of different sizes 

• Carbon (1–20 at.%): precipitation strengthening via perovskite-type carbides Fe3AlC<1; 

graphite formation at 20 at.% C 

• Boron (1–20 at.%): precipitation of borides FeB/Fe2B in different (primary/secondary 

precipitations) 
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• 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. 

• 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. 

• 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 eennhhaanncceedd  rreeccyycclliinngg. 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 CO2eq/m²) and 

5.55 kg CO2eq/kg (291.4 kg CO2eq/m²) for FeCrC and FeCrNbVCB, respectively, 4.78 kg 

CO2eq/kg or 235.0 kg CO2eq/m² for FeAlB, 4.44 kg CO2eq/kg (240.1 kg CO2eq/m²) for 

FeAl+HMS and 7.12 kg CO2eq/kg or 386.2 kg CO2eq/m² for FeAl+WC., whereas here “FeAl” 

represents the abbreviation for iron aluminide, considering 30 at.% Al (Fe3Al phase). Highest 

GWP100 values can be pointed out for NiCrBSi (7.98 kg CO2eq/kg or 416.1 kg CO2eq/m²) and 

CoCrC with 13.31 kg CO2eq/kg or 705.1 kg CO2eq/m², respectively. 

This clearly shows the ggoooodd  wweeaarr  rreessiissttaannccee of the iirroonn  aalluummiinniiddee  ccllaaddddiinnggss, oouuttppeerrffoorrmmiinngg 

most of the ccuurrrreennttllyy  uusseedd  wweeaarr  pprrootteeccttiioonn  ssoolluuttiioonnss and with the further advantage of a 

ssiiggnniiffiiccaannttllyy  rreedduucceedd  eennvviirroonnmmeennttaall  iimmppaacctt and the aabbsseennccee  ooff  ccrriittiiccaall  rraaww  mmaatteerriiaallss..  

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. 


