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Abstract   

The continuous increase of greenhouse gas emissions and the resulting climate 

change require urgent improvements in energy efficiency and decarbonization 

across all major industrial sectors. In the aviation and energy conversion 

industries, increasing operating temperatures and reducing component weight 

are among the most effective strategies to improve efficiency. However, the 

service temperatures of state-of-the-art structural materials, namely nickel-based 

superalloys, are already well-optimized and have reached their limit. Chromium-

based alloys represent a promising alternative material class due to their high 

melting temperature, low density, good thermal conductivity, and favorable 

availability, yet their application has been historically limited by low-temperature 

brittleness and insufficient oxidation and nitridation resistance. 

This work systematically investigates Cr-based alloys, precipitation-strengthened 

with the CrϝSi intermetallic phase, with the objective to extend their application 

window beyond that of Ni-based superalloys. The primary focus lies on the Cr-

rich two-phase A2(Cr) + A15(CrϝSi) system alloyed with molybdenum (Mo), 

specifically Cr-xMo-8 at.%Si alloys with Mo contents between 0 and 40 at.%. The 

role of Mo on phase stability, microstructure, oxidation and nitridation behavior at 

1200 °C and mechanical properties from room temperature up to 1000 °C is 

assessed. Based on the insights gained, an alternative precipitation strategy is 

developed by replacing the A15((Cr,Mo)3Si) phase with low-misfit B2 (NiAl) 

precipitates, resulting in a BCC superalloy A2 + B2 concept within the Cr-Mo-Si-

Ni-Al system. 

The results demonstrate that Mo is a highly effective alloying element in Cr-based 

alloys, providing strong solid-solution strengthening, pronounced grain 

refinement, suppression of nitridation, and significantly improved oxidation 

behavior. An optimal Mo content around 25 at.% yields an attractive combination 

of high specific strength (100 N·m·gϖ¹ at 1000°C vs. 40 N·m·gϖ¹ for Ni-based 

MAR-M-247) and oxidation resistance at temperatures up to 1200 °C, though at 

the expense of low fracture toughness and a higher ductile-to-brittle transition 

temperature. The introduction of B2 precipitates improves upon the room-

temperature fracture toughness limitations of the A2 + A15 system, while 

enabling strength up to higher temperatures as compared to the A15-



 

strengthened alloys. Overall, this work establishes Cr-based Cr-Mo-Si (A2 + A15) 

and Cr-Mo-Si-Ni-Al (A2 + B2) alloys as promising candidates for next-generation 

high-temperature structural materials and provides a foundation for further alloy 

and processing optimization. 

 

 



 

Kurz fassung  

Der kontinuierliche Anstieg der Treibhausgasemissionen und der daraus 

resultierende Klimawandel erfordern dringend Verbesserungen der 

Energieeffizienz und der Dekarbonisierung in allen wichtigen Industriesektoren. 

In der Luftfahrt sowie in Energiewandlungstechnologien zählen die Erhöhung der 

Servicetemperaturen und die Reduzierung des Bauteilgewichts zu den 

effektivsten Strategien zur Effizienzsteigerung. Nickelbasis-Superlegierungen 

sind der aktuelle technische Standard für Hochtemperatur-Strukturwerkstoffe, 

jedoch ist die Legierungsentwicklung hinsichtlich ihrer Einsatztemperatur 

ausgereizt. Chrombasis-Legierungen stellen aufgrund ihrer hohen 

Schmelztemperatur, geringen Dichte, guten Wärmeleitfähigkeit und günstiger 

Rohstoffverfügbarkeit eine vielversprechende alternative Werkstoffklasse dar. 

Ihre Anwendung ist jedoch historisch durch unzureichende Duktilität bei niedrigen 

Temperaturen, sowie eine unzureichende Oxidations- und 

Nitrierungsbeständigkeit begrenzt. 

Diese Arbeit untersucht systematisch Cr-basierte Legierungen, die mittels der 

intermetallischen Phase CrϝSi ausscheidungsgehärtet sind, mit dem Ziel, ihr 

Anwendungsfenster über das von Ni-basierten Superlegierungen hinaus zu 

erweitern. Der Schwerpunkt liegt auf dem Cr-reichen zweiphasigen A2(Cr) + 

A15(CrϝSi)-System, das mit Molybdän (Mo) legiert ist, insbesondere auf Cr-xMo-

8 at.% Si-Legierungen mit Mo-Gehalten zwischen 0 und 40 at.%. Der Einfluss 

von Mo auf Phasenstabilität, Mikrostruktur, Oxidations- und Nitrierungsverhalten 

bei 1200 °C sowie auf die mechanischen Eigenschaften von Raumtemperatur bis 

zu 1000 °C wird untersucht. Auf Basis der gewonnenen Erkenntnisse wird eine 

alternative Ausscheidungsstrategie entwickelt, bei der die A15-Phase 

((Cr,Mo)ϝSi) durch B2-(NiAl-)Ausscheidungen mit sehr geringer 

Gitterfehlanpassung ersetzt wird, was zu einem A2 + B2-Legierungskonzept im 

System Cr-Mo-Si-Ni-Al führt. 

Die Ergebnisse zeigen, dass Mo ein äußerst effektives Legierungselement in Cr-

basierten Legierungen ist und eine starke Mischkristallhärtung, ausgeprägte 

Kornverfeinerung, eine Unterdrückung der Nitrierung sowie eine signifikant 

verbesserte Oxidationsbeständigkeit bewirkt. Ein optimaler Mo-Gehalt von etwa 

25 at.% führt zu einer attraktiven Kombination aus hoher spezifischer Festigkeit 



 

(100 N·m·gϖ¹ bei 1000°C vs. 40 N·m·gϖ¹ für die Ni-basierte Legierung MAR-M-

247) und Oxidationsbeständigkeit bei Temperaturen bis zu 1200 °C, allerdings 

auf Kosten einer geringen Bruchzähigkeit bei Raumtemperatur und einer 

erhöhten Spröd-Duktil-Übergangstemperatur. Die Einführung von B2-

Ausscheidungen verbessert erfolgreich die Bruchzähigkeit bei Raumtemperatur 

verglichen mit dem A2 + A15-System und ermöglicht eine 

Hochtemperaturfestigkeit, die die von A15-gehärteten Legierungen übertrifft. 

Insgesamt etabliert diese Arbeit Cr-basierte Cr-Mo-Si (A2 + A15) und Cr-Mo-Si-

Ni-Al (A2 + B2) Legierungen als vielversprechende Kandidaten für 

Hochtemperatur-Strukturwerkstoffe der nächsten Generation und schafft eine 

Grundlage für weitere Legierungs- und Prozessoptimierungen. 
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1. Introduction 

Eunice Newton Foote was the first to describe a direct connection between the 

carbon dioxide (CO2) concentration in the air and the warming of the earth's 

atmosphere as early as 1865 [1]. First publications, linking the ñenormous 

quantityò of carbon dioxide [2], which had been introduced into the atmosphere 

by the combustion of fossil fuels to ñclimatic changesò [3], appeared a century 

later between 1957 and 1968. By the early 1970s, more scientific evidence 

confirmed that global warming is primarily driven by human-made greenhouse 

gas emissions (GHG ï consisting not only of COϜ but also water vapor, methane, 

nitrous oxide, ozone), mainly stemming from industrialization and the burning of 

fossil fuels [4]. While climate scientists warned governments and the public at 

that time, widespread public awareness and acceptance of the risks, both to 

ecosystems and to future generations, developed much more slowly [5]. In 1987 

the ñWorld Commission on Environment and Developmentò described in the so-

called ñBrundtland reportò that global warming from CO2 emissions leads to 

ñterrible consequencesò for our planet [5]. In this report the term sustainable 

development was defined as ñ[é] development that meets the needs of the 

present without compromising the ability of future generations to meet their own 

needsò [5]. Due to the multiple decades of delay in applying effective 

countermeasures, today many internationally agreed-to targets for limiting GHG 

emissions require urgent and ambitious actions to remain achievable and to limit 

global warming to levels that keep the planet broadly habitable for humanity in 

the future. 

The European commission published goals to become climate-neutral by 2050 

with an intermediate step of reducing net GHG emissions by at least 55% until 

2030, which corresponds to the GHG levels present at 1990 [6]. To achieve these 

goals, primary focus is put on decarbonization and increasing energy efficiencies 

of processes and components. This also emphasizes the increased relevance of 

research and innovation, especially in the transport and energy sector, which 

together account for > 60% of the world-wide CO2 emissions [7]. 

In the field of transport via aviation, which is the targeted application field in this 

work, decarbonization and increase of energy efficiency can be advanced, 
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amongst other things, by choice of the structural material deployed in the aircraft. 

Though aviation only accounts for approximately 3% of global CO2 emissions [7] 

developing new materials, which have long term stability under various 

demanding conditions, is also relevant for new and innovative types of energy 

production. Electricity and heat are accountable for > 40% of global CO2 

emissions [7], so employing new technologies, e.g. concentrated solar power 

plants (CSP) and biomass combustion is desirable [8, 9]. 

One of the most challenging environments for structural materials is in the 

propulsion systems for aircrafts, namely gas turbines. When considering 

optimization for energy efficiency, reducing overall weight and operating at higher 

service temperatures yield the clearest benefits [10]. Further reducing efficiency 

losses by discarding techniques like internal cooling of turbine blades, can help 

additionally, but cannot be easily implemented due to the lack of available 

structural materials that operate at temperatures above 1000 °C [10]. In the 

hottest areas of the gas turbines, typically nickel-based superalloys are the state-

of-the-art material. Single-crystal Ni-based alloys can operate at service 

temperatures up to 1100 °C, while their polycrystalline siblings usually are maxed 

out at 980 °C [11, 12]. The relatively low melting temperature of Ni, prohibits 

further increasing the service temperature. Surpassing the limits of Ni-based 

superalloys with their unique combination of well-balanced properties, remains a 

monumental challenge amongst material scientists. For lower temperature 

sections (up to 650 °C), lightweight titanium aluminide (TiAl) based alloys made 

it into gas turbines in the late 2000s [13]; embrittlement, as well as insufficient 

oxidation resistance, of TiAl-based materials still exclude them from being used 

in higher temperature areas [14].  

Approaches to go beyond the service temperature of Ni-based superalloys 

usually lead to materials that have a heavily imbalanced property profile that can 

provide mechanical resistance but little oxidation resistance. Recently, ceramic 

matrix composites (CMC) have been discussed for replacing metallic alloys at 

higher service temperatures, promising strong weight reduction and potentially 

enabling higher operating temperatures, but also bringing along issues like 

fabricability, lack of repair techniques and low damage tolerance [15]. Remaining 

in the more traditional field of metallic materials, the focus in the last decades has 
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been on refractory-based alloys [16]. Due to their high melting temperatures, they 

promise higher service temperature capability. Especially Mo- and Nb-based 

alloys were intensely investigated [16, 17, 18, 19, 20], both having tremendous 

high temperature strength, but very poor oxidation behavior at the targeted 

service temperatures above 1000 °C. Mo forms volatile MoO3 [21] leading to so-

called ñpestingò phenomena (catastrophic disintegration), which is typically 

dominant around 800 °C, while Nb-based materials form very voluminous 

unprotective oxides [17, 18]. 

Developing chromium-based alloys with the focus on a balanced property profile, 

to go beyond the application field of Ni-based alloys, is the goal of this work. 

Between the 1940-70s Cr-based alloys received some attention, and their key 

properties were investigated, focusing on increasing their ductility at low 

temperatures and on strengthening methods for high-temperature applications. 

The óiodide processô that enabled the production of high-purity Cr was developed 

in the early 1950s [22] and was key in studying Cr-based alloys and later 

identifying nitrogen (N) as major impurity in Cr which causes brittleness [22]. 

Interest in Cr peaked around 1955 at a conference about ñDuctile Cr-based 

alloysò, which was held in Cleveland, Ohio [22, 23]. Around the 1980s the 

development of single crystal Ni-based superalloys enabled increased operating 

temperatures [24] and research on Cr-based alloys was forgotten for a while [25]. 

With increasing Ni price and decreasing availability [26, 27], Cr once more 

received attention. Starting from the 1990s, again more research on Cr-based 

materials was published, focusing on overcoming the main challenges: low 

temperature brittleness and high temperature nitridation effects, to finally make 

use of the promising key features of Cr, namely: low density, high melting point, 

high thermal conductivity, good availability and lower price [26, 27, 28]. Especially 

alloying silicon (Si) and molybdenum (Mo) showed promise to counterbalance 

some of the disadvantages of Cr-based materials. Si strengthens the alloy by 

forming the intermetallic A15 phase, Cr3Si, and improves oxidation resistance 

[29, 30, 31]. Mo provides solid solution strengthening, improves creep resistance 

and has shown a beneficial effect on reducing nitridation of Cr [29, 32, 33, 34, 

35]. 
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This work systematically investigates the role of Mo in the Cr-rich two phase (A2 

+ A15) Cr-xMo-8 at.%Si system. Based on the results, the alloying strategy is 

expanded to an alternative precipitate for the Cr-based alloy, by using an A2 + 

B2 approach utilizing NiAl precipitates. The overall goal is to advance Cr-based 

alloys and alloying strategies, defining future research fields and application 

windows for high temperature Cr-based alloys. 

1.1 Chromium  based alloys for high temperature  

application ï Chances and challenges  

When selecting or designing structural materials for high-temperature 

applications (>500 °C), two aspects of the property profile must be considered. 

Firstly, the mechanical performance is critical. This includes sufficient ductility and 

fracture toughness at room temperature to ensure manufacturability and 

adequate high-temperature strength, creep resistance and fatigue resistance 

under service conditions. Secondly, environmental stability plays a decisive role. 

The suitability of a material is strongly influenced by its oxidation and corrosion 

behavior at the intended operating temperature and in the relevant service 

atmospheres. For a given application, these mechanical and environmental 

requirements must be balanced to ensure both structural integrity and long-term 

durability.  

For oxidation resistance at high temperatures, Si, aluminum (Al) and Cr are 

relevant, because they form the most protective oxide scales: alumina (Al2O3), 

silica (SiO2) and chromia (Cr2O3). For an oxide scale to be protective, several 

criteria must be fulfilled. First, the oxide must be thermodynamically stable at a 

given temperature and under a specific oxygen partial pressure, which can be 

assessed using Ellingham-Richardson diagrams (Figure 1 a)). These diagrams 

indicate which oxide formation is energetically favored, and thus, which oxide(s) 

are stable under certain conditions. In addition, the oxide scale must be 

continuous, dense and adherent to the underlying substrate to effectively limit 

transport of oxygen and metal ions and to avoid spallation under thermal or 

mechanical loading. Finally, protectiveness requires slow oxide growth kinetics. 

This behavior is typically characterized by parabolic growth laws, assuming 
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diffusion-controlled oxidation, and can be evaluated using Arrhenius plots of the 

parabolic rate constants as a function of temperature (Figure 1 b)). Only oxide 

scales that combine thermodynamic stability with dense morphology, good 

adhesion, and low growth rates provide long-term environmental protection at 

high temperatures. 

While Cr is widely used in commercial high temperature alloys as an alloying 

element and oxide former, it is less known as a base material for high temperature 

alloys. The key issues that need solving before Cr can be used as a base material 

were summarized by Klopp in 1969: ñ(1) The protection of chromium from 

oxidation / nitridation-embrittlement; (2) Improvement in the intrinsic impact 

ductility of chromium alloys at low temperatures; and (3) further improvement in 

the high temperature strength of chromiumò [22]. Thus, Cr-base alloys currently 

have limitations on both sides of the property profile. The stated challenges must 

be overcome to make use of the attractive intrinsic properties of Cr: high melting 

temperature (Cr: 1863-1907 °C vs. Ni: 1455 °C [36, 37, 38]) - which promises the 

possibility of high service temperatures -, low density (Cr: 7.14 g/cm3 vs. Ni: 

8.9 g/cm3 [28]) enabling lower overall weights of components, high thermal 

conductivity (Cr: 94 W/mĀK vs. Ni: 91 W/mĀK [36]), wide availability (Cr: 41 vs. Ni: 

Figure 1: a) Thermodynamic - (Ellingham/Richardson diagram after [108] ) and, b) Kinetic aspect o f  

oxide growth (Arrhenius plot : Parabolic growth rates  vs. temperature  for common oxide s after [110] 

with kind permission from Wiley ). 
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3.6 million tons per year [27]) and low price (Cr: 10.000 vs. Ni: 23.000 $/ton [26])]. 

These benefits are the major drivers for ongoing research. 

1.1.1 High temperature o xidation and nitridation of Cr  and Cr alloys  

For engineers, understanding the oxide growth kinetics of alloys is essential to 

determine if they can withstand the targeted service temperature and 

environment for an acceptable lifetime. As mentioned, in many alloys Cr is used 

as alloying element to improve oxidation resistance. The most stable oxide for Cr 

is chromium-(III)-oxide also called chromia (Cr2O3). Chromia-forming alloys are 

usually protected up to temperatures of 1000 °C. Up to 1000 °C, chromia scale 

formation can be described with the parabolic growth law [39]: 

                                                   (1) 

Formular 1 integrates into:  

       ὼ ςὯὸ                                                     (2) 

Where x is the oxide scale thickness, kP is the parabolic growth rate and t is the 

isothermal exposure time. In practice, the weight gain per surface area of an 

exposed material is often used to determine the oxide growth kinetics for 

simplicity: 

Ў
Ὧὸ                                                     (3) 

With ɝÍ being the mass change and A being the exposed surface area. The first 

description and usage of these parabolic oxidation kinetics to describe oxidation 

of metals was published by Tammann in 1920 [40] and Pilling and Bedworth in 

1923 [41]. Wagner was the first one to take into account the oxide properties for 

the description of the growth kinetics [42]. 

Parabolic oxidation kinetics describe a decreasing oxide growth rate over time for 

a protective oxide layer, because ions/vacancies and electrons/holes must 

diffuse through the already existing oxide layer before further oxidation of the 

metal substrate can take place. This theory assumes a diffusion-limited process 

and a perfectly adherent oxide scale without cracks. Since the diffusion rate is 

dependent on the temperature, the oxide growth rate, kp, is also temperature 
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dependent and increases with increasing temperature (see also Figure 1 b)). This 

simplified description of scale growth behavior is especially accurate for pure 

metals or alloys forming a single protective oxide scale. Above 1000 °C other 

factors have to be taken into account for chromia formers which can strongly 

affect the oxide growth kinetics: 

1. Volatility of oxides 

Above 1000 °C, chromia will start to partly react to a volatile species, forming 

chromium-(VI)-oxide (CrO3): 

ὅὶὕ ί  ὕ O ςὅὶὕ Ὣ                                 (4) 

In order to describe the oxide growth rate accurately, as soon as volatility starts 

to take place, this loss of material has to be taken into account by including a 

linear volatilization rate, kv [39, 43]: 

 Ὧ                                                         (5) 

Integrating this formula for the boundary condition x = 0 at t = 0 gives [43]: 

ὸ  ὼ ÌÎρ ὼ                                     (6) 

In practice, thermogravimetric data is used to measure the oxidation kinetics of 

alloys and thus an adjusted formula can be used, as developed in ref. [44]. 

However, a simplified approximation to the formula stated in ref. [44] was applied 

by ref. [45] and successfully used to describe the oxide growth kinetics of Cr-Si 

alloys in ref. [30], using mass change per area instead of oxide thickness, taking 

into account the parabolic growth rate, Ὧ, and subtracting the linear volatilization 

rate, Ὧ: 

Ў
Ὧὸ Ὧὸ                                    (7) 



  Introduction  

 

Dissertation Lisa Zander  - 8 - 

 

Figure 2 schematically depicts typical mass change curves of isothermally 

exposed metals over time. In the parabolic case, as stated above, the oxidation 

rate decreases with increasing exposure time. For exclusively volatile oxide 

formation (e.g. Mo rapidly forming MoO3), linear mass loss can be observed. 

Whereas for paralinear kinetics, both processes, oxide growth (mass gain) and 

volatility (mass loss), occur at the same time and a steady state condition is 

reached eventually. However, it is crucial to understand that metallic material is 

still being lost at that stage. Often, this phenomenon is not sufficiently discussed 

in literature and therefore leads to wrong assumptions. The parabolic growth 

dominates the kinetics during short exposure times. The seemingly low mass 

change leads to wrong conclusions, if the formation of volatile species and 

paralinear law is neglected. 

2. Nitridation of Cr 

Another aspect that will change the oxidation kinetics of chromia formers and 

especially Cr based alloys is that Cr tends to show strong nitridation when 

exposed to air at high temperatures, which happens especially quickly above 

900 °C. The Cr-N phase diagram is depicted in Figure 3 after [46]. For 

temperatures above 900 °C, the Cr solid-solution (Crss) starts to have some 

solubility for interstitial N. Dichromium nitride (Cr2N) is the compound formed at 

high N partial pressures and high temperatures: 

ƣШ

ů̍
о

ƓċƖċũŔŰĲċƖ

Figure 2: Schematic mass change per surface area versus isothermal oxidation time for the 

parabolic, paralinear and linear case . 



  Introduction  

 

Dissertation Lisa Zander  - 9 - 

 

τὅὶ  ὔ  O ςὅὶὔ                                                 (8) 

The second, N-richer compound, chromium nitride (CrN) is not stable for N partial 

pressures below 1 atm and temperatures above 1049 °C [25].  

As mentioned, Cr or Cr-based alloys exposed to air at temperatures >900 °C are 

observed to form a Cr2N subscale beneath chromia, due to reduced oxygen 

partial pressure (pO2) below chromia and higher nitrogen partial pressure (pN2). 

If the oxide layer spalls off, or the pO2 is increased in some other way, this would 

destabilize Cr2N and lead to oxidation of Cr2N to Cr2O3 [47]: 

ςὅὶὔ σὕ ᴼ  ςὅὶὕ ὔ                                    (9) 

 

Solimani et al. [48] showed that if initially a dense and continuous chromia layer 

is formed (during a pre-oxidation step at 1050 °C, excluding N2), then subsequent 

exposure in pure N2 does not result in Cr2N subscale formation, which indicates 

that a uniform chromia scale can be a good barrier for nitrogen, and thus 

nitridation. However, if the subsequent exposure is performed in synthetic air 

(N2/20%O2) nitridation is observed and can be linked to further growth of chromia 

and opening up of transport paths for N2 to the substrate material [48]. Since 

chromia scales are prone to wrinkling and cracking, as discussed in the next 

section, they cannot prevent nitridation of Cr-based materials in the targeted 

application case. 

Figure 3: Cr-N phase diagram between 900 and 1350  °C after [46]  (with kind permission of Elsevier) . 
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Nitridation of the substrate contributes to the overall mass change in addition to 

oxidation. As a result, the oxide growth kinetics of Cr-based alloys in air cannot 

be described using equations (3) and (7), since these formulations cannot 

differentiate between mass change induced by oxidation and mass change 

induced by nitridation. Cross-sectional analysis is required in addition to mass 

change data to identify the formed oxidation and corrosion products and to 

determine the overall metal loss. Nitrogen uptake and the associated formation 

of nitrides represent a key challenge for Cr-based materials [22], as they cause 

severe embrittlement. This effect arises not only from the formation of a thick 

CrϜN subscale layer but also from nitrogen in solid solution and nitride phases 

precipitating within the bulk material, as discussed in detail in section 1.1.2. 

3. Scale spallation 

Thermogravimetric analysis (TGA) is used to monitor the mass change in situ 

during isothermal exposure and determine the oxidation kinetics of materials. For 

chromia forming on Cr, especially at high temperatures, and thus higher oxide 

growth rates, mass gain discontinuities are observed during TGA experiments 

[30]. This phenomenon is depicted in Figure 4. 

At the discontinuity a sharp rise in mass gain is observed followed by a decrease 

in growth rate over time. This behavior is linked to local oxide scale 

failure/spallation leading to exposed substrate material, which again forms a new 

chromia scale. Ulrich et al. [49] showed, in detail, how these discontinuities affect 

Figure 4: Schematic representation of discontinous mass change of chromia formers . 
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the growth kinetics of Cr at high temperatures. Scale spallation during high 

temperature exposure is thus another obstacle during characterization of Cr 

oxide growth kinetics. The reason for spallation is discussed in the following. Cr 

is known to form protective/adherent chromia scales at intermediate 

temperatures (< 900 °C) for Fe-, Ni- or Co-based alloys containing approximately 

> 20wt.% Cr and is thus a popular alloying element to increase oxidation 

resistance. However the phenomenon of chromia spallation and buckling due to 

compressive stresses is frequently described in literature for high temperatures 

(Ó 900 °C), especially for chromia growing on pure Cr [50, 51, 52, 53, 54, 55, 56].  

Determining the Pilling Bedworth ratio, Ὑ , gives a good first indication, if a metal 

is capable of forming an adherent oxide layer during exposure in air. Ὑ  ratio is 

defined as [41]: 

Ὑ
 z 

 z 

Ͻ  z 
                                      (10) 

Where n is the number of metal atoms per molecule of the oxide, V is the molar 

volume, M is the atomic/molecular mass and ɟ is the density.  

For values smaller than one, no protective oxide layer can form on top of the 

metal. The oxide forms a porous non-protective oxide layer. This is, for example, 

the case for Mg forming MgO on Mg and Ca forming CaO on Ca. For values of 

1-2, protective oxide layers can form. This is the case for Al forming Al2O3 on Al 

or Zn forming ZnO on Zn. For values higher than two, compressive stresses can 

lead to crack formation and spallation of the oxide, which can be the case for Fe 

forming Fe2O3 on Fe [57].  

The Ὑ  for Cr forming Cr2O3 on Cr is only slightly above two (2.05 [57]) and thus 

it behaves protectively at intermediate temperatures in air. However, for 

temperatures Ó 900 °C, on Cr (and also Cr-base material) the chromia scale is 

non-adherent and thus less protective, as shown by many groups [50, 51, 52, 53, 

54, 55]. Other than e.g. insulating alumina (Al2O3), chromia is a semiconductor 

(Eg = 3.0-3.5 eV [54]) and able to allow n- or p-type conduction, which heavily 

influences its growth mechanism. Latu-Romain et al. [54, 55] confirmed in their 

investigation of chromia formation on pure Cr substrate at 900 °C, that the type 

of predominant point defects in chromia lead to different growth mechanisms. The 

types of point defects strongly depends on the pO2. For high pO2, p-type defects 
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are dominant, meaning that Cr3+-cation vacancies are forming in the chromia 

structure and enable outward cation diffusion. This type of mechanism leads to 

outward growing columnar chromia grains at the oxide/gas interface. For lower 

pO2, an n-type dominated defect structure forms, containing O2--anion vacancies 

and enabling O2- inward diffusion leading to rather dense, equiaxed, strained 

inward growth of chromia at the oxide/metal interface. Latu-Romain et al. [54, 55] 

showed that on pure Cr, chromia does in fact show both growth types and forms 

an oxide scale with a duplex morphology. From an initial chromia layer a 

columnar p-type chromia scale is formed on top, and, beneath the initial scale, 

equiaxed n-type chromia is observed. Diffusion of ions is not only happening 

through the described vacancies but also along the grain boundaries [57]. Here, 

both anion and cation diffusion can take place. This enables the formation of new 

oxide within the scale and leads to crack formation and spallation [57]. 

Additionally, after isothermal exposure in synthetic air, spallation of chromia is 

often observed after cooling and located between the p- and n-type chromia 

layers, as described in ref. [55]. This mechanism is thus decreasing the 

protectiveness of chromia scales on Cr during high temperature oxidation and 

remains to be studied for Cr-based alloys. 

1.1.2 Mechanical  characteristics  of Cr  and Cr alloys  

While designing a structural material for high temperature application, especially 

balancing out the necessary mechanical properties of an alloy is challenging. Key 

properties for turbine applications are: low temperature ductility, fracture 

toughness, high temperature strength, creep and fatigue resistance. 

Unfortunately, increasing high temperature strength often is coupled to a 

decrease in the low temperature ductility. Compromise is necessary to develop 

an alloy for high temperature applications that can perform reasonably under the 

targeted service temperatures (>1100°C).  

Pure metals are typically not strong enough at elevated temperatures and are 

especially prone to creep (time-dependent deformation under constant stress). 

Strengthening mechanisms are therefore an indispensable tool. 

In general, usual strengthening methods are directed either towards the 

microstructure or composition of an alloy. Microstructure wise strengthening via 
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cold working, which implements a high density of dislocations (line defects in the 

crystal lattice) into the material that form obstacles for further dislocation motion, 

can be applied [58]. In grain boundary strengthening the increased number of 

grain boundaries act as a barrier for dislocation motion, strengthening the 

material. However, neither of these methods is suitable for materials which are 

designed to operate at temperatures greater than 40% of their melting 

temperature (0.4ĀTm) [58]. In that temperature range, dislocations, implemented 

by cold working, recover and a smaller grain size is detrimental for creep 

resistance, because the large amount of grain boundaries promote faster 

diffusion and grain boundary sliding [58]. 

Thus, for high temperature applications, strengthening by altering the 

composition of the alloy is the only relevant one. Solid solution strengthening and 

precipitation or particle strengthening are mechanisms to retain strength at 

elevated service temperatures. Solid solution strengthening is the method of 

introducing foreign atoms to the base metal crystal structure. A certain solubility 

of the foreign atom is required either as substitutional atom (for similar atomic 

radii) or as interstitial atoms. Introducing these foreign atoms leads to a distorted 

host lattice. Dislocations now must move around the lattice distortion, which 

requires more energy, and thus increases the strength of the material. Another 

possibility to pin or hinder dislocation motion is through precipitation of a second 

thermodynamically stable phase (for example ɔô and/or ɔôô in Ni-based 

superalloys [11]) or introduction of particles like carbides, nitrides, or oxide 

dispersoids. Usually, single phase materials that are only strengthened via solid 

solution strengthening are not considered suitable as structural high temperature 

materials (>1000 °C) and additional second phase/particle strengthening is 

essential for reasonable creep resistance [59].  

Designing a Cr-based high temperature alloy will require solid solution 

strengthening and some form of second phase strengthening. These 

strengthening mechanisms will benefit the alloy in the high temperature regime 

in terms of strength and creep resistance, but often worsen the already low 

ductility and fracture toughness at low temperatures; a known problem of body 

centered cubic (BCC) metals. 
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The disadvantage of the óopenô BCC crystal structure of Cr, when comparing it to 

Ni with its close-packed face centered cubic (FCC) crystal structure (see Figure 

5), is not only the higher self-diffusion rates, and a resulting lower creep 

resistance for the same homologous temperature (ratio of a material's absolute 

temperature to its melting temperature in Kelvin) compared to Ni [22], but also 

the significantly lower ability for plastic deformation at low temperatures. For 

plastic deformation to occur, dislocation motion is necessary. Dislocations allow 

planes of atoms to slip past each other, which is a mechanism that controls the 

overall mechanical response of a crystalline material [60]. Two idealized types of 

line defects are fundamental: The edge dislocation and the screw dislocation. In 

FCC structures, edge as well as screw dislocation glide occurs primarily on the 

planes that are close-packed, because here the energy barrier, or critical resolved 

shear stress (CRSS) [which is the minimum shear stress required on a slip 

system to initiate dislocation motion in a crystal], for dislocation motion in 

minimized. Also screw dislocations in FCC metals can change from one slip plane 

to another which is called cross-slip [60].  

Apart from these dominant deformation mechanisms, another possible 

deformation type is called twinning. If twins are formed, a portion of a crystal 

undergoes a coordinated shear, so that its lattice becomes a mirror image of the 

parent lattice across a specific twin plane [60]. The process reorients the crystal 

locally, rather than producing simple shear as in dislocation slip. Twinning 

therefore changes the texture (grain orientation pattern) and can activate new slip 

systems by lattice reorientation [60]. Usually, it only occurs at low temperatures, 

Figure 5: Unit cell of FCC and BCC crystal structure . 
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very high strain rates, or in materials with limited slip systems and thus high lattice 

resistance to dislocation motion [60, 61]. 

Stacking fault energy (SFE) further differentiates BCC and FCC metals. Stacking 

fault energy is defined as the energy per unit area required to separate partial 

dislocations and create a stacking fault, which is a local deviation from the ideal 

stacking sequence of close-packed planes [60]. FCC metals typically have 

moderate to high stacking fault energies, which stabilizes mobile dislocations and 

facilitates cross-slip [60]. This promotes a more homogeneous distribution of 

plastic strain and reduces the likelihood of strain localization. As a consequence, 

the FCC crystal structure is able to distribute strain uniformly and continuously 

and thus shows rather high deformability, which is mostly independent of 

temperature [61]. Twinning is favored for low SFE, because low SFE stabilizes 

partial dislocations and stacking faults, making the sequential partial dislocation 

motion required for twinning energetically favorable [60]. 

BCC metals do not have close-packed slip planes and do not form intrinsic 

stacking faults in the same way as FCC materials. Even though BCC crystals 

possess more theoretically available slip systems, their effectiveness is limited by 

the high energy that is necessary to move screw dislocations through the lattice, 

whereas edge dislocations are rather mobile [62]. The Peierls barrier, which is 

the energy barrier that a dislocation must overcome to move from one stable 

lattice position to the next, is high for screw dislocations in the BCC lattice, 

meaning that dislocations are strongly pinned by the lattice and require significant 

thermal activation to move. As a result, dislocation motion in BCC metals is highly 

temperature dependent [61]. 

Figure 6 illustrates the impact strength of BCC and FCC materials as a function 

of temperature. While the impact strength of FCC materials is almost 

temperature-independent, there is a clear transition observed for BCC materials. 

At lower temperatures, the impact strength is low, and fracture is characterized 

as brittle; the favorable ductile fracture is limited to higher temperatures areas. At 

intermediate temperatures, a mixed fracture is usually observed, which is the 

location of the so-called ductile to brittle transition temperature (DBTT). 
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It follows that for BCC metals like Cr, it is complicated to increase strength and 

creep resistance at high temperatures without further decreasing already low 

plasticity at lower temperatures.  

However, the drive to go beyond the service temperature of Ni-based material 

motivates tackling this challenge, since all more affordable refractory metals, that 

are potential base materials for a high temperature alloy, are BCC metals.  

The DBTT of commercially pure Cr is usually around 150 °C [63], while ultra-pure 

Cr can have a DBTT of - 45 °C [64]. Nitrogen was identified as a major impurity 

contributing to the increase of the DBTT, while sulfur (S) as well as oxygen (O) 

did not contribute as significantly [22, 63, 65, 66, 67]. Figure 7 depicts the 

influence of the nitrogen level, manufacturing and cooling method on the DBTT 

of Cr. The presented data clearly shows an increase in the DBTT for Cr with 

increasing N content. It also reveals that the manufacturing method and the 

cooling rate play a key role [68, 69]. For high cooling rates, the DBTT rises 

sharply. Actually it is not N trapped in the solid solution upon quenching that is 

the embrittling factor, but rather nitrides that form during cooling [22, 63, 65]. Fast 

cooling leads to the formation of fine, intragranular, needle-like precipitates on 

preferred crystallographic planes (dislocation lines) and increases the DBTT [22, 

63, 65]. Slow cooling rates enable the formation of larger nitrides, which are not 

as detrimental.  

Figure 6: Impact strength vs. temperature for FCC and BCC material s after [61] . 
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Apart from processing, alloying can influence the DBTT of Cr. Especially cerium 

(Ce), Ti, yttrium (Y) and zirconium (Zr), used as scavenging elements, e.g for 

nitrogen, can improve the low temperature ductility of Cr [70, 63]. In [64] the 

influence on the DBTT of 25 elements, each alloyed to Cr with up to 3 wt.%, was 

investigated. The key finding was that: ñThe brittle-ductile transition temperature 

of high purity chromium is decreased by the addition of elements which are in 

solid solution and have an atomic diameter larger than that of chromium but not 

exceeding the 15% size limitò [64]. This is the case for e.g. Mo and vanadium (V), 

when added as minor alloying additions up to a few percent. Y, Zr and Ti were 

stated as elements increasing the DBTT in this study [64], so the available 

literature is partly contradictory in this respect. The addition of high amounts 

(> 25 at.%) of rhenium (Re), cobalt (Co), ruthenium (Ru) and iron (Fe) were 

shown to decrease the DBTT of Cr as well, utilizing the so called ñRhenium-

Ductilizing Effectò. This effect is attributed to a change in the deformation mode 

of Cr, specifically through the activation of twinning, as discussed in several 

studies [71, 72, 73]. 

Production and testing of several Cr-based alloys started in the 1950s in 

Australia, the USA and the Soviet Union [22]. In the 1960s, turbine blades 

Figure 7: Influence  of the nitrogen level, manuf acturing , and cooling method on the DBTT of Cr after 

[22]  with data from [67, 66]  (with kind permission of Springer Nature) . 
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produced from the Australian chromium alloys [Cr-2Ta-0.5Si+0.1Ti+0.5RE (rare 

earth element)] showed good creep resistance in a rig, however, they failed 

impact testing by showing fracture at the colder roots of the blades, which was 

possibly due to the high DBTT of the tested alloy or due to nitridation [22]. This 

example shows that preferably the DBTT of a structural material should be as low 

as possible. However, ɔ-TiAl alloys, which made it into the low-pressure turbine 

(LPT) as blades and vanes in gas turbine engines, have a DBTT in the range of 

650 to 820 °C and fracture toughness between 10-33 MPaĀm0.5 [22, 61, 63] 

depending on the exact composition and microstructure [74]. That shows that 

higher DBTTs do not exclude materials from structural applications in general, 

and as long as a certain fracture toughness threshold (stated to be above 

15 MPaĀm0.5 [75]) is maintained, engine designers can start using the material.  

Strengthening Cr utilizing solid-solution can lead up to a sevenfold increase in 

strength [63], but large amounts of solid solution strengtheners will lead to an 

increase in the DBTT. In the high temperature regime, precipitate and particle 

strengthening is more effective in order to limit the amount of necessary solid 

solution strengthening and thus limit the increase of DBTT [22, 63]. In the 1960s, 

Scruggs [76] developed a Cr-based alloy incorporating MgO particles (with the 

composition Cr-6MgO-0.5wt.%Ti according to [22]) using a powder metallurgical 

route. This alloy showed a surprisingly high ductility at room temperature (RT) 

with 8% tensile elongation before fracture. In 2003, Brady et al. [77] revisited this 

work and achieved 10% tensile elongation at RT for hot-pressed and extruded 

Cr-6MgO-0.75wt.%Ti. It was observed that nitrogen segregated to interfaces 

between the MgO and the formed spinel MgCr2O4, likely reduced the detrimental 

effect of intragranular fine nitride precipitates [77]. 

1.2 The Cr-rich Cr-Mo-Si system  (A2 + A15 approach ) 

In the 1990s, the development of intermetallic alloys, which retain their strength 

up to very high application temperatures (>1100 °C), received great interest. 

Since alumina- and silica-forming alloys provide especially protective oxides, 

aluminides and silicides got much attention. For the aluminides, TiAl seemed 

most promising. For the silicides, Mo-based systems were focused on, 

additionally Cr3Si was intensively investigated [29]. The initial focus was put on 
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properties like inherently high creep resistance, low density, high oxidation 

resistance at high temperatures and high thermal conductivity [29]. The 

discussion or improvement of plasticity at lower temperatures was not prioritized 

at that time. Eventually, in order to increase plasticity for the Cr3Si intermetallic, 

the A2-Cr matrix was added to the system, resulting in Cr + Cr3Si alloys. In the 

1990s, mostly the Cr3Si-rich part of the system was investigated [29, 78, 75], but 

the absence of plasticity at low temperatures demanded either strictly limiting the 

amount of Cr3Si (A15) or modifying the microstructure to generate some 

deformability. With the more recent incorporation of Cr as the matrix phase, the 

challenge of nitridation became relevant again [30] and made it necessary to find 

suitable alloying additions to the Cr + Cr3Si system. Mo turned out to be especially 

beneficial, increasing not only the resistance against nitridation but also the creep 

resistance of the alloys [33, 79, 32] and thus became a relevant alloying addition 

to the system. 

1.2.1 Binary Cr-Si alloys  

The latest Cr-Si phase diagram by Ioroi et al. [38] is depicted in Figure 8. Besides 

the solid solutions of Cr and Si, it contains four intermetallic compounds Cr3Si, 

Cr5Si3, CrSi, CrSi2, which are listed in Table I. For structural materials, the Cr-rich 

Figure 8: Latest Cr -Si phase diagram after  Ioroi et al. [38]  

(with kind permission of Springer Nature) . 
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part of the phase diagram seems most promising, which is the two-phase region 

of the Cr solid solution and the Cr3Si intermetallic phase. At 1200 °C, 4.8 at.% 

[38] Si is soluble in the Cr solid solution. The addition of more Si leads to the 

formation of the Cr3Si intermetallic. Eutectic solidification of the liquid to the Cr + 

CrϝSi phases occurs at about 15 at.% Si and at 1705 °C, leading to a fine lamellar 

microstructure of Cr and CrϝSi.  

The A15 crystal structure of CrϝSi is depicted in Figure 9. The Cr-Si phase 

diagram, shows that the solubility of Si in Cr solid solution is increasing with 

increasing temperature, meaning it is possible to apply a precipitation hardening 

heat treatment for Cr-Cr3Si alloys. The goal of such a heat treatment is to apply 

a high temperature homogenization step, aiming for full dissolution of Si in the Cr 

matrix. A second step at lower temperature, and thus reduced Si solubility, leads 

to precipitation of finely and uniformly distributed intermetallic Cr3Si phase. 

However, the solvus line of the phase boundary between Cr and Cr-Cr3Si field is 

rather steep, so high temperatures are necessary in the first heat treatment step, 

which is not ideal in terms of energy efficiency of the process and also can lead 

Table I: Phases in the Cr -Si system after [38] . 

 

 

 

 

 

Figure 9: Cubic A15 crystal structure of Cr 3Si. 
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to large grain sizes and high volatilization rates of Cr due to its high vapor 

pressure [80]. 

Soleimani-Dorcheh et al. [30] investigated the high-temperature oxidation and 

nitridation behavior of pure chromium and several arc-melted Cr-Si alloys: single-

phase solid solution Cr(Si), two-phase Cr-Cr3Si alloys and single phase Cr3Si 

silicide were exposed in synthetic air at 1200 °C for up to 1000 h. All alloys were 

chromia formers [30]. It was observed that, adding Si to Cr strongly improved the 

oxidation resistance and slowed down CrϜN formation [30]. Single-phase CrϝSi 

material was highly stable and did not show nitridation [30]. Upon formation of 

chromia, the single phase material Cr3Si became Cr-depleted and CrϟSiϝ was 

stabilized at the alloy interface [30]. This Si-rich phase was able to form a 

protective SiOϜ layer beneath the chromia layer [30]. In the Cr-CrϝSi eutectic 

alloy, Cr solid solution was selectively oxidized, creating an A15 layer beneath 

the oxide that blocked nitrogen uptake and protected the alloy from nitridation 

[30]. All alloys suffered from oxide scale spallation, but Si additions reduced this 

effect [30]. Using equation (7) Soleimani-Dorcheh et al. [30] analyzed the 

acquired TGA data (Figure 10) after 100 h of exposure at 1200 °C. The results 

showed that increasing the Si content in Cr based alloys leads to a decrease in 

the parabolic growth rate kp (5.6Ā10-9 and 3.0Ā10-11 g2/cm4s for pure Cr vs. Cr-

25 at.%Si [30]), and a decrease in volatilization rate kv (4.7Ā10-8
 and 8.6Ā 10-10 

g/cm2s for pure Cr vs. Cr-25 at.%Si [30]). The underlying reasons for reduced 

volatilization could not be resolved and need further investigation. Aono et al. [31] 

studied the mechanical properties of induction melted Cr-Si alloys, annealed at 

Figure 10: Mass change of Cr  and Cr -Si alloys exposed at 1200 °C in synthetic air for 100  h after [30] 

(with kind permission form Springer Nature).  
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1400 °C for 24 h and slowly cooled. Si contents between 0 and 16 at.% were 

tested under compression [31]. Before that all samples were annealed at 1400 °C 

for 24 h and slowly cooled. The results showed that the 0.2% proof stress at 

1000 °C increased with Si content (which is accompanied with an increased 

fraction of A15) up to 15 at.%, with a pronounced improvement between 10-

13 at.% (Figure 11 a)) [31]. Higher Si contents led to dominant brittle fracture 

before deformation was observed [31]. Aono et al. [31] also stated that the Cr-

13 at.%Si alloy combined excellent high-temperature strength with good ductility 

at 1000 °C, but its ductility below 400 °C needs improvement, suggesting that 

the DBTT for Cr-13 at.%Si is around 400 °C [31]. Compared to the Ni-based 

superalloy MAR-M-247, the Cr-13 at.%Si alloy has higher high-temperature 

strength and lower density (6.68 gĿcmϖ³), resulting in a specific strength of 

78 N·m·g-1, which is twice as high as MAR-M-247 (Figure 11 b)). 

Thus, additions of Si to Cr have beneficial effects on the oxidation resistance, the 

nitridation resistance and the high temperature strength. But the studies also 

show it is relevant to find a balance between the benefits that the intermetallic 

phase can provide for the system and the disadvantages it can pose if the phase 

fraction is too large. 

Figure 11: a) Specific stren gth of Cr -Si alloys with increasing  Si content; b) Proof stress vs. 

temperature of Cr -13 at.% and Ni-based superalloy M AR-M-247 after [31]  (with kind permission 

from Elsevier) . 
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1.2.2 Cr-Mo-Si alloys  

The phase diagrams of Cr-Mo and Mo-Si are depicted in Figure 12 after ref. [81] 

and [82]. Cr and Mo have complete mutual miscibility in the solid state. This 

means they form a continuous solid solution across the entire composition range. 

Both elements have the same BCC crystal structure and very similar atomic sizes 

with a difference of ~ 10% [64]. As a result, no stable intermetallic compounds 

form between them. The Cr-Mo phase diagram depicted in Figure 12 a) therefore 

shows full solid-state miscibility. Therefore, Cr and Mo can substitute one another 

in many alloys. Both are commonly used in steels and superalloys to enhance 

high-temperature strength (Mo) and oxidation resistance (Cr). Simulations 

suggest the existence of a miscibility gap at lower temperatures of around 880 °C 

for Mo content of 39 at.% [81]. Surprisingly, the experimental proof of the 

miscibility gap is lacking, due to the low diffusion rates at that temperature [81].  

Mo does not form protective oxides at high temperatures, since it tends to form 

the volatile oxide MoO3 (>700 °C) [21], which leads to the so called ópestingô 

phenomena, describing catastrophic disintegration of the metal. However, when 

Mo is combined with Si, e.g. in Mo-Si or MoSi2-based alloys, oxidation behavior 

changes significantly [21]. Silicon oxidizes preferentially to form a dense, 

continuous SiO2 layer, which acts as a protective diffusion barrier. This SiO2 scale 

limits oxygen ingress and suppresses further formation and volatilization of MoO3, 

thereby reducing or preventing ópestingô [21]. 

Figure 12 b) shows the Mo-Si phase diagram, which has similarities with the Cr-

Si phase diagram (Figure 8), especially in the Mo-rich/Cr-rich part. After the 

Figure 12: a) Cr-Mo phase diagram and b) Mo -Si phase diagram a fter [81]  and [82]  (with kind 

permission from Springer Nature) .  
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maximum solubility of Si is reached in the solid solution, the intermetallic A15 

phase (Cr3Si / Mo3Si) forms. For Mo the Si solubility is lower than for Cr, and is 

around 1.5 at.% at 1200 °C. Another difference is that the Mo3Si phase is a line 

compound in the Mo-Si phase diagram, exhibiting a nearly fixed stoichiometry, 

whereas the Cr3Si phase field permits some deviation from the ideal 3:1 

composition. 

The ternary phase diagram of Cr-Si-Mo was published in ref. [83] and more 

recently investigated in Refs. [84, 85] and is depicted in Figure 13. Note that in 

ref. [83] the A15 phase (MoxCr1-x)3Si was incorrectly described as (MoxCr1-x)3Si3 

in the diagram; this error was corrected for Figure 13. Also, the data for the ů 

phase (see section 1.2.3) was extracted from [86] but named Ű1 in ref. [83], which 

was changed here to ů for consistency. 

Ξ

ΞШҼШΝΡ

ΝΡ

Figure 13: Ternary Cr -Mo-Si phase diagram (1300  °C) after [83]  with an additional shaded  area in the 

lower right corner highlighting compositional regime  of interest for this work  (with kind permission 

of Springer) . 
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In 1995 Raj et al. [29], investigated a Cr-30Mo-30 at.%Si alloy forming a two-

phase microstructure consisting of (Cr,Mo)3Si and (Cr,Mo)5Si3 designed for 

aircraft engine components and exposed it to high-velocity combustion gases in 

a burner rig test. During oxidation tests at 1100-1200 °C, the alloy formed a 

protective chromia layer at low temperatures and Ŭ-cristobalite (SiO2) at high 

temperatures [29]. Raj et al. [29] suggested that adding molybdenum resulted in 

increased oxide volatility, allowing a silicon-rich surface to form and then oxidize 

at high temperatures. The arc-melted alloy had a compressive strength of 

600 MPa at 1223 °C [29]. Burner rigs tests suggest a life of over 100 cycles at 

1200 °C [29]. However, the fully intermetallic alloy exhibited a very high DBTT of 

around 1223 °C [29]. Fracture toughness was very poor with only 2-3 MPa·m0.5, 

making the alloy irrelevant for structural applications, but interesting as erosion- 

and oxidation-resistant coatings on turbine airfoils [29].  

An alloy with lower Si content (Raj et al. [29]: Cr-30Mo-30 at.%Si) was reported 

by Hinrichs et al. [34] in 2022, testing the composition of Cr-32.2Mo-13.5 at.%Si. 

In the arc-melted state, this alloy was stated to be monolithic ů phase, which, 

upon annealing at 1200 °C showed eutectoid decomposition to a fine lamellar A2 

+ A15 microstructure [34]. The alloy showed promising oxidation behavior in air 

at 800 °C (no ôpestingô observed) and reasonable oxidation resistance at 

1100 °C. At 1200 °C, mass loss was evident after 40 h of exposure [34]. The 

samples were exposed for 100 h in total and cycled without spallation of the oxide 

[34]. SiO2 formation beneath chromia was observed predominantly on the A15 

phase, but also occurred on top of the A2 phase, forming a continuous film [34]. 

No nitridation of the A2 phase was observed [34]. 

These observations suggest that Mo protects the Cr A2 from nitridation and also 

has a beneficial effect on the adherence of the oxide scale, since the eutectoid 

binary Cr-16 at.%Si alloy investigated in ref. [30] did show nitridation and 

spallation during similar exposure. Hinrichs et al. [34] does not mention the 

mechanical properties of the alloy, but concludes that less Si could still lead to 

good oxidation resistance, while at the same time increasing the amount of A2 

phase could improve ductility. 

Earlier than that between 2018-2020, lower amounts of Mo and Si were studied 

by Ulrich and Pfizenmaier et al. [32, 33, 79]. In their studies, a Cr-2Mo-8Si at.% 
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alloy was developed, to produce a precipitation strengthened A2-A15 alloy with 

a high fraction of the A2 matrix phase. Ulrich et al. [32, 79] state that Mo 

partitioned homogeneously between the Cr solid solution (Crss) and the A15 

(CrϝSi) phase in Cr-2Mo-8Si at.% alloy, and Mo refined the A15 precipitates. 

During oxidation at 1200 °C in synthetic air, Cr-2Mo-8Si at.% exhibited a reduced 

parabolic oxidation rate constant compared to binary Cr-Si alloys, indicating 

slower oxide growth [32, 79]. Mo promoted the formation of a thin, continuous 

SiOϜ layer at the metal/oxide interface, which acted as an effective diffusion 

barrier and contributed to a slightly reduced overall oxide scale thickness [32, 79]. 

The resulting CrϜOϝ scale was characterized by fine, equiaxed grains, consistent 

with predominantly inward-growing (n-type) chromia [32, 79]. In addition, Mo 

strongly suppressed nitridation: the formation of CrϜN was significantly reduced, 

and a Mo-enriched Crss subsurface layer with ca. 5 at.% Mo developed that 

seemed resistant to nitrogen uptake [32, 79]. However the matrix beneath this 

region, containing only 2 at.% Mo, still showed nitridation (see Figure 14) [32, 79]. 

Pfizenmaier [33] et al. tested the creep properties of the Cr-2Mo-8Si at.% alloy 

and compared it to the reference material Cr-9 at.%. From these studies, it was 

seen that the addition of 2 at.% Mo had a strong beneficial effect on tensile creep 

behavior at 980 °C in air (Figure 15) [33]. During the experiments, the addition of 

Mo significantly increased the resistance to environmental degradation by limiting 

nitrogen uptake during long-term exposure in air, thereby delaying nitridation-

induced embrittlement [33].  

More recently, Hinrichs et al. [35] studied the deformation mechanisms in single 

phase A2 material with the compositions of Cr-37.2Mo and Cr-36.1Mo-3Si (at.%). 

The alloys were produced by arc melting and examined in the as-cast condition, 

Figure 14: Cross secion and elemental distribution mapping of Cr -Si(-Mo) alloys after exposure in air 

for 100 h at 1200  °C a) Cr-9 at%Si b) Cr -7Si-2 at%Mo after [109] 
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with Cr-36.1Mo-3Si additionally homogenized at 1600 °C for 48 h [35]. Oxidation 

behavior was assessed by cyclic oxidation in air at 800 °C and 1100 °C for up to 

100 h [35]. The Si-free Cr-37.2Mo alloy showed continuous mass loss at 800 °C 

due to MoOϝ evaporation and formed a porous, non-protective oxide scale, while 

at 1100 °C it suffered rapid mass loss and disintegration [35]. In contrast, Cr-

36.1Mo-3Si exhibited negligible mass change at 800 °C and remained intact at 

1100 °C [35]. Microscopy and atom probe tomography revealed a thin, 

continuous Cr2O3 scale, a Mo-enriched subsurface region as described in [32], 

and SiO2 near the scale-substrate interface. 

Mechanical behavior was investigated by compression testing from room 

temperature up to 900 °C [35]. Both alloys showed high strength and measurable 

plasticity at room temperature, with Cr-36.1Mo-3Si reaching 6% compressive 

strain in the annealed state [35]. Yield strength remained high up to 700 °C, 

forming a broad strength plateau, and at 900 °C, approximately 70% of the room-

temperature strength was retained [35]. Deformation was serrated at all 

temperatures, reflecting discontinuous plastic flow [35]. Post-deformation EBSD 

analyses showed that plasticity occurred by a combination of dislocation slip and 

deformation twinning [35]. Twinning was prominent at room temperature, 

persisted up to 900 °C, and was more dominant in coarse-grained material, 

contributing to high work-hardening rates but also to localized cracking along twin 

and grain boundaries [35]. Overall, the tests demonstrated that a single-phase 

Cr-36.1Mo-3Si solid solution exhibits stable oxidation behavior up to 1100 °C with 

high strength and room-temperature plasticity [35]. However, particle and/or 

Figure 15: Creep rate vs. strain  in air at  980 °C in air of a) Cr-9 at%Si b) Cr -7Si-2 at%Mo after [33] 
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second phase strengthening remains necessary for high creep resistance of 

these alloys at temperatures >1100 °C. 

1.2.3 The ů phase in the Cr-Mo-Si system  

In multicomponent alloy systems, most commonly found in Fe-, Cr-, Mo-, and Ni-

based alloys, ů phases can be present. The designation ñsigma phaseò originates 

from early X-ray diffraction studies in the 1930s [87], where unidentified complex 

phases in Fe-Cr alloys were labeled sequentially with Greek letters. The ů phase 

designation persisted even after its structure was resolved. The ů phase has a 

complex tetragonal crystal structure with space group P4Ϝ/mnm and is a 

topologically close-packed (TCP) phase. It belongs to the class of intermetallic 

phases, but usually allows for a large compositional variability [88]. 

Especially during long-term exposure at intermediate temperatures, precipitation 

of the ů phase is a known issue [88, 89], since it leads to rapid degradation of 

mechanical properties, such as toughness and ductility, due to its inherently brittle 

nature [88, 89, 90]. Increasing the Cr and Mo content in Fe- and Ni-based alloys 

is known to increase the stability regime of the ů phase [88, 90].  

In 1974, Rudy et al. [86] discovered a ternary ů phase in the Cr-Mo-Si system. 

The stable compositional range at 1500 °C was described to be: Cr0.39-0.57Mo0.47-

0.29Si0.14. Eutectoid decomposition of the ů phase into (Cr, Mo) solid solution and 

the A15-(Cr,Mo)3Si intermetallic phase was observed at temperatures around 

1200 °C. More recently in 2022-23 Wu et al. [84, 85] explored the ternary phase 

diagram of Cr-Mo-Si. Due to the limitation of these studies to isothermal sections 

at 1000 °C and 1200 °C, the ů phase was not stabilized in their research, which 

is in line with descriptions by Rudy et al. [86]. The earlier mentioned studies of 

Hinrichs et al. [34] confirm the presence of a ů phase in the ternary Cr-Mo-Si 

system and claimed the composition of Cr-32.2Mo-13.5 at.%Si to solidify fully into 

ů-phase during arc-melting. Also, eutectoid decomposition after annealing the 

alloy at 1200 °C confirmed the observations by Rudy et al. [86]. The full stability 

range of the ů phase remains unclear and needs further investigation to prevent 

it during processing and determine which compositional and temperature ranges 

can be utilized for a high temperature alloy in the Cr-Mo-Si system. 
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1.3 The Cr-NiAl system (A2 + B2  approach ) 

The degree of coherency between the precipitate and the alloy matrix can have 

a significant influence on the strengthening at high temperatures. High coherency 

is achieved when the precipitate has a crystal structure and lattice parameter very 

close to that of the matrix. This can lead to continuous atomic planes across the 

interface and thus to very low interfacial energy [11, 91]. This is especially 

relevant at high temperatures, where the low interfacial energy of precipitates 

leads to superior thermal stability, due to slow coarsening rates. Through heat 

treatment control, fine and homogenous distribution of coherent precipitates 

within the matrix phase is possible. This enables a uniform microstructure, which 

is not easily achieved with non-coherent precipitates (like the A15 phase). The 

most prominent example of using high-coherency precipitates for strengthening 

at high temperatures is the ɔ-ɔô microstructure used in several Ni-based 

superalloys, where ɔ is the A1(FCC) Niss matrix and ɔô are the L1Ϝ -Ni3(Al,Ti) 

precipitates [11]. 

Several studies have tried to imitate this principle for BCC base materials [92] 

(e.g. for Fe [93, 94, 95], Cr [96, 97, 98], W [99, 100] and for high-entropy alloys 

[12]), combining the disordered BCC matrix with an ordered BCC intermetallic 

phase like the B2-type [96]. For Cr (A2), NiAl (B2) precipitates provide a low lattice 

misfit since the lattice parameter for Cr is 2.885 Å [96] and for NiAl is 2.887 Å 

[101]. Kube et al. [102] calculated in their studies that apart from NiAl, the 

following B2 phases could also offer a stable A2/B2 phase field in a Cr(Mo) 

matrix: RuAl, RuNb, FeTi, RuHf, RuZr, RuTi, CoHf, NiTi and CuY. 

Ma et al. [96] studied NiAl-strengthened Cr and Cr-Fe alloys and showed that 

both systems offer reasonable coarsening rates (see Figure 16 a) due to a low 

misfit of only ~ 0.1% between B2 precipitates and the A2 matrix. It is especially 

noticable at high temperatures (1000 °C) that the coarsening rates are superior 

in the Cr(Fe)-NiAl system (~102 nm3/h at 1000 °C), compared to ferritic-

superalloys (~108 nm3/h) and Co- and Ni-superalloys (~105 nm3/h) [96]. The 

strengthening effect was studied via compression testing and revealed that the 

Cr(Fe)-NiAl alloy reaches a high strength at room temperatue of about 1300 MPa 

[96] and 320 MPa [96] at 1000 °C (see Figure 16 b).  
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Microstructual studies on eutectic Cr(Mo)-NiAl systems forming composite 

materials are available in several studies [103, 104, 105, 106]. However, 

additions of low amounts of NiAl in the Cr(Mo)-NiAl system targeting precipitation 

strengthening and the interaction with Si in the system was not previously studied 

to the authors knowledge. 

 

Figure 16: a) Coarsening rates of several alloy systems including the Cr -NiAl A2+B2 system after 

[96]  and b) yield stress vs . temperature of Cr -based alloys strengthened with B2 particles vs . Ni 

based alloy IN718 after [96] . 
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2 Objectives of Research 

The overriding goal of this work is to advance precipitation strengthened Cr-

based alloys for high temperature applications and identify future directions for 

research of high-temperature chromium-based alloys.  

The detailed objectives for this work can be formulated as follows: 

Initially, the role of Mo in the arc-melted Cr-rich two phase (A2 + A15) Cr-xMo-

8 at.%Si alloys is systematically studied. The amount of Si is fixed to 8 at.% to 

limit the total amount of the intermetallic phase and thus retain reasonable 

plasticity. Mo contents are varied between of 0-40 at.% to systematically study 

the influence of Mo on: 

o Microstructure (phase composition, formation and distribution in as-

cast and annealed states, grain size and shape)   

o Stability regime of the ů phase 

o The lattice parameter of the phases 

o Oxidation and nitridation behavior at 1200°C (via thermogravimetric 

analysis and cross-sectional evaluation) 

o Mechanical properties (hardness of alloys and phases, fracture 

toughness, compressive strength from 21 to 1000°C)  

During this work possible optimization of the microstructure by applying heat 

treatments is tested and used to expand the limited information about ů phase 

and the ternary system in the studied compositional range. Based on the findings 

an optimum amount of Mo in Cr-xMo-8 at.%Si alloys can be determined. 

In a further step the gained insights of the Cr-Mo-Si (A2+A15) system are 

implemented in an alternative precipitation approach. Lower misfit NiAl (B2) 

particles are introduced to the system, replacing the Cr3Si (A15) intermetallic, 

with the goal of improving fracture toughness at room temperature, compared to 

the A2 + A15 system, while keeping the benefits of Mo and Si in the matrix phase. 

 



  Results and Discussion (Publications)  

 

Dissertation Lisa Zander  - 32 - 

 

3 Results and Discussion (Publications) 

3.2 Publication o verview  

Explanation of the structure of this dissertation:  

This dissertation is structured as a cumulative thesis. Accordingly, the 

introductory chapter, research and objectives, synopsis, conclusions and outlook 

are written in connection with the following three publications - that form the core 

of this work - and are accompanied by a separate reference section at the end of 

the dissertation and a separate list of figures and tables in the beginning. The 

references cited within each publication are listed individually at the end of the 

respective articles. 

Publication 1: Koliotassis, L., White, E.M.H. and Galetz, M.C. (2024), The 

Influence of Mo Content and Annealing on the Oxidation Behavior of Arc -

Melted CrïxMoï8Si Alloys.  Advanced Engineering Materials, 26, (2024), 

2301906.  

https://doi.org/10.1002/adem.202301906 

Arc-melted Cr-xMo-8 at.%Si alloys (with x= 0-40 at.%) are studied focusing on 

the influence of Mo additions on microstructure in the as-cast and annealed state 

and analyzing the oxidation behavior at 1200 °C for up to 100 h. A beneficial 

effect of Mo on the corrosion behavior is observed for up to 25 at.% Mo. 

Nitridation was inhibited for all Mo-containing alloys. The most promising 

oxidation behavior was observed for Cr-25Mo-8 at.%Si, showing the formation of 

a SiO2 subscale beneath the Cr2O3 layer during high-temperature exposure.  

Publication 2: Zander, L., Kerbstadt, M., White, E.M.H. and Galetz, M.C. (2025), 

Cr-Based High Temperature Alloys - The Strengthening Effect of 

Molybdenum on Chromium -Silicon Alloys . International Journal of Refractory 

Metals and Hard Materials, Volume 132, (2025), 107287. 

https://doi.org/10.1016/j.ijrmhm.2025.107287 

This study explores how varying molybdenum levels in Cr-xMo-8Si alloys affect 

mechanical properties such as hardness, strength, and fracture toughness. 

Increased Mo content enhances hardness and high-temperature strength but 
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shifts the DBTT to higher temperatures. Despite an initial drop, fracture 

toughness improves at higher Mo levels due to grain and precipitate refinement, 

offering insights for future alloy optimization. 

Publication 3 : Zander, L., Zander, J. ,Blackburn, T., White, E.M.H., Knowles A. 

J. and Galetz, M.C. (2025), Advanced Cr -Based BCC Superalloys - A2-B2 

Strengthening in the Cr -Mo-Si-(NiAl) System . Published in JOM, The Minerals, 

Metals & Materials Society, Ultra-High Temperature Refractory Metals and Alloys 

for Complex Environments, 77, (2025), 9608ï9622. 

https://doi.org/10.1007/s11837-025-07915-w 

Advances in the two-phase Cr-Mo-Si system (A2 matrix + A15 precipitate) are 

combined, with the approach of strengthening the Cr matrix with the low misfit 

precipitate NiAl (B2). By implementing NiAl (B2) precipitates to a Mo- and Si-

strengthened Cr matrix, the developed alloy, Cr-10Mo-3Si-5Ni-5Al (at.%), retains 

strength up to 1000 °C (specific strength of 95 N·m·gϖ¹) without showing the 

toughness trade-offs, which are present when utilizing A15 phase strengthening. 

Adjusting Mo and Si content as well as decreasing the Ni/Al ratio helps to 

suppress brittle ů phase formation. 
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3.3 The Influence of Mo Content and Annealing on the 

Oxidation Behavior of Arc -Melted Cr -xMo-8Si Alloys  

Published in Advanced Engineering Materials , 26, 17 (2024), 2301906 

DOI: 10.1002/adem.202301906  

 

Authors  

Lisa Koliotassis1, Emma M. H. White1, Mathias C. Galetz1 

1 DECHEMA Research Institute, Theodor-Heuss-Allee 25, 60486 Frankfurt a.M., GER.  

Abstract  

The influence of Mo (10ï40 at.%) additions to Crï8 at.%Si is systematically 

studied by analyzing arc-melted alloys in the as-cast and annealed state. The 

oxidation resistance is tested by thermogravimetric analysis (TGA) at 1200 °C in 

air for up to 100 h. Samples are characterized by X-ray diffraction, scanning 

electron microscopy, and wavelength-dispersive X-ray spectroscopy. The studied 

CrïxMoï8Si alloy series shows a beneficial effect of Mo on the corrosion 

behavior. For all of the investigated Mo contents, no nitridation is observed and 

the oxide scale adhesion is improved. An increased amount of intermetallic A15 

phase leads to the formation of a SiO2 scale beneath the Cr2O3 layer during high-

temperature exposure. The internal SiO2 layer inhibits further internal oxidation 

of the A15 phase. Uniform size and distribution of A15, benefits the formation of 

a duplex oxide scale. Crï25Moï8 at.%Si, shows the most promising oxidation 

behavior. The TGA data follows the paralinear law, with both the growth rate, kp, 

and volatilization rate, kv, of Cr2O3 being reduced by adding 10ï25 at.% Mo. A 

binary Cr/MoïSi phase diagram is generated in order to determine accurate 

annealing conditions and estimate the stability range of the metastable ů phase. 

1. Introduction  

One possibility to decrease efficiency losses in high-temperature applications, 

such as gas turbines, is to exchange the state-of the-art Ni-based superalloys 

with materials that do not require additional internal cooling [1,2]. This can be 

realized by materials that allow higher service temperatures while retaining high 

mechanical strength, such as refractory metal alloys [1,3]. One promising base 
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material candidate among the refractory metals is chromium [4]. Cr as a base 

material has a lower density and higher melting temperature when compared to 

nickel, while being abundant and reasonably priced [5ï7]. Challenges in 

developing Cr-based alloys are mainly connected to high-temperature 

mechanisms like fast nitridation, as well as the spallation and evaporation of 

protective chromia layers above 1000 °C [8ï10] An often-discussed additional 

challenge is the high ductile-to-brittle transition temperature (DBTT) of Cr, which 

has been linked to impurities and can be influenced by alloying [1,4,11,12].  

Alloying Cr with 4ï15 at.% Si leads to the formation of a two-phase microstructure 

composed of an A2 (Crss) matrix and nitridation-resistant A15 (Cr3Si) precipitates 

[13,14], resulting in increased mechanical strength at high temperatures [15,16], 

higher oxidation resistance [14], decreased nitridation of A2, and lower 

volatilization of chromia at 1200 °C [14,17]. With more Si added to Cr, the A15 

phase fraction increases and thus the oxidation properties improve. On the 

downside, additional Si lowers the fracture toughness at low temperatures 

[15,18], which limits application as structural material.  

Alloying Mo as a ternary element results in the substitution of Cr by Mo in both 

the A2 and A15 phases [19]. Matrix coarsening resistance, solid solution 

hardening of A2, further improvement of creep properties of the A15 phase, and 

promoted SiO2 formation have all been attributed to Mo alloying [16,20]. Adding 

up to 2 at.% Mo resulted in an equal distribution of Mo between the A2 and A15 

phases and reduced nitridation of the solid solution while further decreasing the 

volatilization rate during exposure in air at 1200 °C [20]. Recent studies showed 

that adding approximately 32 at.% Mo to Crï13.5 at.%Si fully suppressed 

nitridation [21]. Stability of the system in the Mo pesting regime of 800 °C has 

also been confirmed [21]. The ternary CrïMoïSi system is well described in the 

literature [22ï24]. Rudy et al. state that the CrïMoïSi system contains a 

metastable ů phase (Cr0.39-0.57Mo0.29-0.47Si14) [25]. The stability regime of the ů 

phase is under discussion [22], which is important because the formation of the 

ů phase can produce cracks during processing and it is transformed into A2 and 

A15 when annealed at 1200 °C [25].  

This work systematically investigates the microstructure development, phase 

formation, and high-temperature oxidation resistance of arc-melted Cr-rich Crï
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xMoï8Si alloys (x = 10ï40 at.%) as a function of the Mo content and annealing 

temperatures. The Si content was fixed at 8 at.% in order to prevent initial A15 

phase formation in the as-cast (AC) arc-melted ingots and to allow a reasonable 

fracture toughness. The AC state was compared to the annealed (AN) state 

through determining phase compositions and microstructures. 

Thermogravimetric analysis (TGA) tests were performed in air at 1200 °C for up 

to 100 h to evaluate the influence of varying Mo content in CrïxMoï8Si alloys on 

the oxidation resistance. 

2. Results and Discussion  

2.1 Microstructure and Phase Analysis  

2.1.1 Arc -Melted Samples  

X-ray diffraction (XRD) results of the AC CrïxMoï8Si series are depicted in 

Figure 1. All samples contain the cubic A2 phase of Cr. As Mo is fully soluble in 

the A2 Cr phase and is the larger atom [19,26], increasing the Mo content leads 

to a shift in the A2 reflections to lower angles, corresponding to a larger LP. No 

primary precipitation of intermetallic (Cr,Mo)3Si phase (A15) phase was observed 

in the Crï8Si reference sample. For the 10 and 20 at.% Mo samples, a slight 

indication for A15 phase was visible, whereas the samples with 25 and 40 at.% 

Mo show the formation of ů phase instead.  

Figure 1: XRD of AC states of the Cr ïxMoï8Si alloy series.  
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These results are confirmed by WDS measurements (Table 1). For 20, 25, and 

40 at.% Mo, two A2 phases were observed: ñA2_Bò is richer in Mo and poorer in 

Si than the ñA2_A.ò This segregation within the A2 explains the increasing 

broadening of the XRD reflection of the Cr solid solution. 

EPMA maps of the CrïxMoï8Si series (Figure 2) show the semiquantitative 

distribution of elements in the microstructure. Note that the A15 phase is not 

present in these images due to the very minor amount present in only the 10 and 

20 at.% Mo samples. An increased Mo content in the CrïxMoï8Si system leads 

to increasing inhomogeneity in the elemental distribution. For 10 at.% Mo, the 

distribution of all elements appears homogeneous, while the 20ï40 at.% Mo 

samples show increasing segregation, as reflected in the broadening of the A2 

reflection (Figure 1) and the two types of A2 reported in Table 1. Strong dendritic 

solidification is observed for Mo contents of 25 and 40 at.%, where the ů phase 

is present. Mo is preferably enriched in Si-poor areas, which is the location of A2 

phase. 

 

 

 

 

 

 

Table 1: EPMA/WDS quantitative measurements of the observed phases 

in the AC states.  
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2.1.2 Annealed States  

The two types of anneals that were performed were under the same Ar/5%H2 

atmosphere for the same duration of 100 h and were both followed by a water 

quench (Q); thus, the only difference was the temperature of 1200 °C or 1350 °C. 

Figure 3 shows the diffractograms and calculated LPs for the 1200 and 1350 °C 

anneals of the CrïxMoï8Si series. After annealing at 1200 °C for 100 h, all 

samples of the CrïxMoï8Si series showed formation of the A15 phase in addition 

to the A2 solid solution. The formerly visible ů phase decomposed to A15 and A2 

in both cases, which is in line with the suggested phase diagram presented in ref. 

[22]. For the anneal at 1350 °C, the behavior is similar except for the sample 

containing 40 at.% Mo. For 40 at.% Mo, some A15 did form but the ů phase 

remained, suggesting the stable regime of the ů phase is in line with the ternary 

diagram for CrïSiïMo at 1300 °C in ref. [22].  

Figure 2: EPMA/WDS maps of AC states of the Cr ïxMoï8Si alloy series.  
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The calculated LPs of the A15 and A2 phases are plotted against the Cr/Mo ratio 

(as determined by WDS) in Figure 3c. The LP of the A2 phase ranges from a 

minimum 2.92 Å (CrïxMoï8Si with x = 10 at.%) to a maximum of 3.02 Å (Crï

xMoï8Si with x = 40 at.%), whereas the LP for the A15 phase varies between 

4.62 and 4.72 Å. Interestingly, in both cases an increase of about 0.1 Å results 

for the same overall increase in Mo content (CrïxMoï8Si with 10 vs 40 at.% Mo), 

even though the Mo contents in the respective phases are not the same (higher 

in A2 than in A15, see Section 2.1.3). After both anneals, the LPs of the A2 

phases are consistent with the literature data [19,27].  

Microstructural observations (see Section 2.1.3) of both anneals (1200 and 

1350 °C) show that for the lower 1200 °C anneal and the samples with Mo 

contents Ó25 at.%, the strongly pronounced dendritic microstructure from the AC 

condition determines the regions where the A15 phase formed (predominantly in 

Figure 3: a) XRD after 1200 °C anneal; b) XRD after 1350 °C anneal; and c) LPs of A2 and A15 phases 

as a function of the Cr/Mo ratio including the trendlines for the literature data of refs. [19,27].  
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the formerly Si-rich areas). The overall distribution of the A15 phase is thus 

inhomogeneous. For Mo contents Ò20 at.%, A15 precipitation along the grain 

boundaries is dominant. The A15 precipitates inside the grains are also rather 

irregularly spread. For the higher 1350 °C anneal, the A15 precipitates coarsened 

and were overall fewer in quantity, but were more homogeneous in size and 

distribution, especially for Crï25Moï8Si. Grain boundary precipitation of the A15 

phase was observed for 10 and 20 at.% Mo after the 1200 °C anneal, while this 

effect was only dominant for the 10 at.% Mo sample after the 1350 °C anneal. An 

increased Mo content appears to reduce the grain boundary precipitation of A15. 

Similar effects have been described in refs. [16,28] for low Mo contents of 2 at.%. 

Higher temperature annealing provides the additional benefit of reducing grain 

boundary precipitates.  

Using phase compositional data from wavelength-dispersive X-ray spectroscopy 

(EPMA/WDS), the influence of the Mo content on the Mo distribution inside the 

phases, the Si solubility, and the overall amount of A15 phase was analyzed 

(Figure 4aïc). The distribution coefficient, k, was calculated via Equation (1): 

  Ὧ                                                          (1) 

It can be seen even though Mo is present in both phases (A2 and A15), Mo is 

preferably enriched in the A2 phase and this effect increases with increasing Mo 

content and is stronger for the lower 1200 °C anneal (Figure 4a). The Si solubility 

Figure 4: Influence of Mo content on the a) Mo distribution, b) Si solubility, and c) amount of A15 

phase.  
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decreases linearly in both phases with increasing Mo content (Figure 4b). This 

leads to an increasing amount of intermetallic A15 phase with increasing Mo 

content (Figure 4c). One extra sample containing 35 at.% Mo was produced and 

added to the 1200 °C anneal to confirm that a plateau is approached at around 

35 area percent of A15 due to the limited overall Si content (8 at.%). The 

proportion of the A15 phase is strongly reduced in Crï40Moï8Si due to the 

presence of the ů phase.  

2.1.3 Quasibinary Cr/Mo ï Si Phase Diagram  

To gain a better understanding of annealing conditions for arc-melted CrïxMoï

8Si samples, the WDS data (Table 2) were used to develop a quasibinary Cr/Moï

Si phase diagram (Figure 5). For this purpose, a third annealing at 1450 °C was 

performed and Si solubilities of A2 and A15 phases were added and compared 

to the literature data for the CrïSi and MoïSi binary phase diagrams. A stable 

regime of the ů phase was observed for 25 and 40 at.% Mo at 1450 and 1350 °C, 

respectively. Increasing the Mo content in CrïxMoï8Si shifts the phase boundary 

between the A2 single phase field and the A2 + A15 regime, as well as between 

the A15 + A2 and A15 single-phase field, to lower Si contents when compared to 

the CrïSi system. To further improve the distribution of the intermetallic A15 

phase inside the solid solution A2 matrix, a two-step precipitation hardening 

anneal would likely be beneficial. This type of anneal consists of a 

homogenization step at high temperature, entering the single-phase field (A2) 

and adding a precipitation anneal at a lower temperature (two-phase field of A2 

+ A15). For the studied alloy series, temperatures of >1600 °C would be 

necessary to enter the single-phase field, which can result in rather strong Cr 

evaporation during the anneal. Also due to uncertainty about where ů phase is 

stable, a higher temperature anneal might lead to an A2 + ů phase mixture 

instead of single-phase A2. An alternative way to address even A15 distribution 

without heat treatment >1600 °C could be the development of a powder 

metallurgical production route for these kinds of alloys.  
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Figure 5: Graphical estimation of the quasibinary phase diagram of Cr/Mo -Si based on the studied 

alloys including Mo ïSi and CrïSi data from refs. [13,39] (l.); microstructures of the studied alloys 

after arc melting and varying anneals (r.).  

 

Table 2: WDS analysis of investigated samples.  

 



  Results and Discussion (Publications)  

 

Dissertation Lisa Zander  - 43 - 

 

2.2 High Temperature Corrosion Behavior in Air  

2.2.1 Adhesion of Oxide Layer Versus Composition  

The results of oxidation exposures of samples annealed at 1350 °C are visible in 

Figure 6. The macro images of the alloy series exposed at 1200 °C in static 

laboratory air for 50 h are compared with a second experiment of cuboids 

exposed at 1200 °C in flowing dry synthetic air for 100 h.  

Note that the difference in shape and size of the cuboids (especially the bottom 

row of Figure 6) is due to manufacturing and not due to oxidation effects. For the 

50 h exposure, the reference sample without Mo is the only sample showing 

severe spallation of the dark gray oxide that formed. All Mo-containing samples 

showed no obvious spallation except for some regions near the edges of the 

cuboids. XRD identified the dark gray oxide as Cr2O3.  

For the 100 h exposures in flowing air, not only the reference, but also the 10 and 

20 at.% Mo compositions show some spallation of the oxide, while the 25 and 

40 at.% Mo alloys do not show any spallation. As the cuboids with 10 and 20 at.% 

Mo did not show sudden mass decrease during the exposure duration, it is likely 

that the rather harsh cooling conditions in flowing air lead to spallation.  

These results suggest that Mo has a positive influence on the adhesion of the 

formed oxide layer as the alloys containing 25 at.% Mo or more did not show 

spallation during the experiments. Chromia scales are known to contain 

compressive stresses that lead to buckling and spallation, especially when grown 

on pure Cr [17,29ï31]. This has been linked to the formation of a duplex oxide of 

outward growing columnar chromia grains and inward growing equiaxed chromia 

grains in oxidizing atmospheres, where the new oxide forms within the scale and 

Figure 6: Cuboids after exposure at 1200 °C in static and flowing air for 50 and 100 h.  
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creates such stresses [32,33]. It is assumed that detachment of the external and 

internal part of the oxide scale occurs during cooling, causing spallation [32]. The 

addition of Mo alters this scale growth mechanism and leads to lower stresses in 

the scale, either by doping or the creation of free volume by Mo volatilization. In 

either case, it prevents scale spallation.  

2.2.2 Cross Sections - Exposure in Static Laboratory Air at 1200  °C for 50 h  

Electron images and EPMA/WDS maps of surface cross sections of oxidized 

regions of the arc-melted cuboids annealed at 1350 °C and exposed at 1200 °C 

in static laboratory air for 50 h are depicted in Figure 7.  

The elemental distributions (Figure 7) show that the Crï8Si reference is the only 

sample that formed a nitrogen-rich subsurface phase. Due to spallation of 

chromia in most areas, XRD could confirm that Cr2N formed in the subsurface 

zone. The alloys containing Mo annealed in laboratory air for 50 h at 1200 °C did 

not show any nitridation of the Cr solid solution as compared to Crï8Si. Mo 

contents Ó10 at.% in CrïxMoï8Si fully inhibit nitridation of the A2 matrix. Apart 

from formation of a 10 Ñ 2 ɛm chromia layer, the elemental maps of Figure 7 

show internal oxidation of the former A15 precipitates, especially for 10 and 

20 at.% Mo. Spot measurements from WDS suggest A15 oxidizes to SiO2. The 

A15 phase does seem to be nitridation resistant, but is internally oxidized for Mo 

contents below 25 at.%. 

For the 10 and 20 at.% Mo samples, a very similar behavior is observed but the 

internal oxidation depth is increased and the thickness of the chromia layer is 

decreased as compared to the reference sample as summarized in Table 3. It 

should be noted that the images shown in Figure 7 are not the only ones used for 

determination of the average scale thicknesses and oxidation depths. The A2 

phase is Si depleted in the interdiffusion zone, which is especially visible for 0 to 

20 at.% Mo in Figure 7. Surprisingly, Crï25Moï8Si shows almost no internal 

oxidation of the A15 phase, but a rather thick continuous chromia layer. However, 

40 at.% Mo shows not only outward growing chromia, but also inward growth of 

the oxide, separated by discontinuous SiO2 particles that likely developed out of 

former A15 phase precipitates. Crï40Moï8Si overall shows the thickest chromia 
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scale (23 Ñ 5 ɛm) and a rather low internal oxidation depth of A15 when compared 

to the reference sample without Mo. 

Mo is strongly enriched in the layer beneath the oxide scale, forming a Mo-

enriched A2 phase. The outer chromia oxide layer thickness increases with 

increasing Mo content, while the penetration depth of the internal oxidation (A15 

Ą SiO2) decreases simultaneously.  

The exceptionally good oxidation behavior of Cr-25Mo-8Si can be explained 

through a closer examination of the subscale beneath the chromia layer (Figure 

8). Negligible internal oxidation occurs, and instead a continuous SiO2 subscale 

forms beneath the chromia layer. There appears to be a threshold of Mo content 

that increases the Si activity to a degree where Si outward diffusion is faster than 

O inward diffusion, and thus, initially a dense SiO2 layer below the Cr2O3 layer is 

able to form. In addition to the increase in Si activity, however, a minimum fraction 

of A15 phase must be present and the precipitates must be within a certain 

proximity to each other in order to create this continuous SiO2 layer. Figure 8b 

Figure 7: Surface cross -sectional electron microscope and EPMA/WDS maps of oxidized regions 

of varying Mo -content samples annealed at 1350 °C and exposed to static laboratory air at 1200 °C 

for 50 h.  



  Results and Discussion (Publications)  

 

Dissertation Lisa Zander  - 46 - 

 

shows the oxide scale formed on a Crï25Moï8Si sample previously annealed at 

1200 °C with a less homogenous distribution of the A15 phase. During oxidation 

at 1200 °C in air, this leads to the formation of discontinuous SiO2 and thus also 

internal oxidation of A15 occurred. So, not only the composition, but also the 

annealing conditions have a large influence on the oxidation behavior of Crï

25Moï8Si.  

Table 3: Chromia thickness and internal oxidation depth of A15 phase in Cr -xMo-

8Si after exposure at 1200 °C for 50 h  in static laboratory air.  

Figure 8: Scanning electron microscopy images and EPMA/WDS maps of surface cross sections 

of oxidized Cr ï25Moï8Si (static air, 1200 °C for 50 h) for two different anneals: a) 1350 °C and b) 

1200°C. 
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2.2.3 Thermogravimetric Analysis (Air - 1200 °C-100 h) 

The mass changes during exposure at 1200 °C in dry synthetic air for 100 h are 

plotted in Figure 9a. The Crï8Si reference sample suffers from breakaway 

oxidation, as also described in ref. [34], after around 95 h and reaches an overall 

mass gain of 3.4 mgĀcm-2 after 100 h. The mass gain is lower for Mo-containing 

samples and reaches 3.1 mgĀcm-2 for Crï10Moï8Si, 2.3 mgĀcm-2 for Crï20Moï

8Si, and only 1.5 mgĀcm-2 for Crï25Moï8Si. All curves up to 25 at.% Mo initially 

show a parabolic growth rate and then change to paralinear behavior. The Crï

40Moï8Si alloy shows continuous mass loss, reaching -2 mgĀcm-2. The trend is 

not perfectly linear and hints at a rather complex process of oxide formation and 

volatilization of likely more than one species.  

Besides some MoO3 evaporation, the chromia scale can form the volatile oxide 

CrO3 (Equation (2)) at the investigated temperature [10,35]. Thus, the mass gain 

of the specimens can be described by a parabolic growth rate, kp, and a linear 

volatilization rate, kv. Therefore, the paralinear law depicted in Equation (3) was 

used to fit all of the mass gain curves and determine values of kp and kv as 

included in Figure 9b,c. The origin of the paralinear law used here is described in 

ref. [10].  

ὅὶὕ ὕ Ὣ ςὅὶὕὫ       (2) 

Figure 9: a) Mass changes and b) calculated parabolic (kp) and c) volatilization rate (kv) for 

exposures at 1200 °C for 100 h in flowing dry synthetic air.  



  Results and Discussion (Publications)  

 

Dissertation Lisa Zander  - 48 - 

 

 Ὧὸ  Ὧὸ        (3) 

The calculations show that the parabolic growth rate of the oxides decreased with 

increasing Mo content (Figure 9b). While the reference Crï8Si shows a kp of 

0.4953 mg2Ācm-4Āh-1, it decreases to 0.2474 mg2Ācm-4Āh-1 for 25 at.% Mo. 

Correspondingly, Table 3 confirms that the chromia thicknesses decrease for 

specimens containing 10ï20 at.% Mo. For Crï25Moï8Si, the chromia layer has 

a similar thickness as the Crï8Si reference (Table 3), but the internal oxidation 

of A15 was inhibited and thus an overall lower kp value is reasonable. Trying to 

use the paralinear fit for the Crï40Moï8Si alloy does not allow for good 

agreement with the cross sections and a reasonable value for kp. The cross 

sections showed that the chromia layer is the thickest for this composition, while 

the calculated kp has the lowest value of 0.004 mg2Ācm-4Āh-1. As this composition 

is the only one showing strong continuous mass loss, it is likely that not only 

chromia is evaporating but also large amounts of MoO3 are also volatilizing due 

to the high Mo content. Additionally, some internal oxidation is evident. So, for 

the Crï40Moï8Si composition volatilization dominates the oxidation mechanisms 

and the paralinear law for the description of oxide growth kinetics cannot be used.  

The volatilization rate, kv (Figure 9c), for the reference sample Crï8Si is 0.0414 

mgĀcm-2Āh-1. It decreases for the Mo containing samples to 0.0293, 0.0309, and 

0.0369 mgĀcm-2Āh-1 for 10, 20, and 25 at.% Mo, respectively. These values are 

higher than for other non-Mo-containing chromia forming alloys like, e.g., Niï

40Cr, which are around 0.0145ï0.0149 mgĀcm-2Āh-1 described in refs. [36,37].  

The oxide growth kinetics and adherent oxide scales of the CrïxMoï8Si alloys (x 

= 10, 20, and 25 at.%) show high potential for a new class of lightweight refractory 

alloys for high temperature applications. Especially worthwhile of further 

development is the Crï25Moï8Si alloy with extremely low mass gain and 

continuous SiO2 subscale formation, preventing internal oxidation. Future 

investigations will include long-term exposures up to 1000 h to see if the Mo-

enriched layer beneath the duplex oxide scale remains stable, or will lead to 

spontaneous failure due to formation of MoO3. The keys to future work within this 

class of alloys will be avoiding ů phase formation and ensuring uniform 
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distribution of the A15 phase, while perhaps lowering the DBTT which was not 

addressed in this work.  

3. Conclusions  

Mo additions of up to 25 at.% to Crï8Si change the microstructure of annealed 

arc-melted alloys and have a beneficial effect on the oxidation behavior at 

1200 °C in air.  

Microstructural summary: 1) Mo is present in both A2 and A15 phases but is 

preferably enriched in A2. This effect increases with increasing Mo content. 2) 

Grain boundary precipitation of A15 phase is reduced for increased Mo contents 

and increased annealing temperature. 3) Increasing the amount of Mo leads to 

decreased solubility of Si in both phases (A2 + A15) and thus leads to an 

increasing amount of A15 phase. 4) Higher temperature anneal (1350 °C vs 

1200 °C) of arc-melted alloys leads to less and coarser, but overall more evenly 

distributed, A15 precipitates. 5) A binary Cr/MoïSi phase diagram was developed 

for the alloy series including an estimation of the stability range of the metastable 

ů phase.  

Oxidation properties at 1200 °C in air: 1) For all investigated Mo contents, 

nitridation of the A2 solid solution was fully inhibited. 2) The oxide scale adhesion 

was improved by Mo addition. For Mo >25 at.%, no spallation was observed. 3) 

Below a certain phase fraction and distribution, the A15 phase is prone to internal 

oxidation. 4) An increased amount of A15 can lead to the formation of a 

continuous SiO2 scale beneath the Cr2O3 external oxide layer. The continuous 

internal SiO2 layer prevents further internal oxidation of the Si in the A15 phase. 

5) Evaluation of TGA data using the paralinear law suggests that the parabolic 

growth rate, kp, and volatilization rate, kv, of Cr2O3 are reduced by adding 10ï

25 at.% Mo.  

A predictable and stable oxidation behavior was achieved for Crï25Moï8Si. 

Nitridation of the solid solution phase and internal oxidation of the intermetallic 

A15 phase were inhibited during exposure up to 100 h at 1200 °C in flowing 

synthetic air, making the Crï25Moï8Si composition of great interest for further 

study.  
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4. Experimental Section  

Synthesis of the Alloy  

Chromium (Cr > 99.95 wt%, PLANSEE), silicon (Si > 99.999 wt%, GfE), and 

molybdenum pieces (Mo > 99.97 wt%, PLANSEE) were used to produce a 

CrMoSi alloy series (Mo= 10ï40 at.% and Si = 8 at.%) via arc melting. The overall 

mass of each produced ingot was 7 g (resulting in ellipsoidal buttons of ca. 

15x10x8 mm). The elements were weighed with a high precision balance (Mettler 

Toledo XP205DR/M), with a deviation of 1 mg of the calculated mass. To 

compensate for Cr loss during the arc melting process, 1 wt% excess Cr was 

added to each composition. A mini arc melting system MAM-1 (Edmund Bühler 

GmbH) was used to perform the arc melting process. The ingots were produced 

on a water-cooled Cu crucible using a nonconsumable tungsten electrode. The 

melting chamber was alternately evacuated and purged with Ar 5 times before 

melting. Also, Zr was melted twice before melting the actual sample to get any 

residual oxygen in the chamber. In a first step, Cr and Mo were prealloyed and 

subsequently Si was added. The ingots were remelted at least 5 times and flipped 

each time to ensure homogeneity.  

 

Annealing  

Annealing of the arc-melted samples was performed to 1) homogenize any 

concentration gradients and 2) achieve uniform formation of (Cr,Mo)3Si 

precipitates inside the (Cr,Mo)-solid solution matrix. All anneals were performed 

in a tube furnace (Carbolite type STF 14/450) in a flowing Ar/5 vol%H2 

atmosphere using an alumina tube. The samples were placed in an alumina 

crucible. A second crucible was used containing Ti chips to get residual oxygen 

during the anneal. All samples were rapidly quenched in water after the desired 

annealing time was achieved, resulting in brief exposure to air while hot. This 

oxidized layer was ground off before further analysis or exposure. Microstructures 

resulting from annealing temperatures of 1200 and 1350 °C (for 100 h) were 

compared. To further investigate the stability range of the ů phase, an anneal at 

1450 °C (for 20 h) was also included.  
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Microstructure and Phase Analysis  

For microstructure and phase analysis of the AC and AN states, as well as after 

oxidation, samples were embedded in a graphite-filled phenolic mounting 

compound, using a hot press (25 kN, 180 °C, 7 min). Prior to embedding, the 

oxidized samples were coated with an Au layer (å4 nm) by plasma vapor 

deposition and afterward Ni-plated using an electrochemical bath. The embedded 

samples were ground using P320, P500, P800, P1200, and P2400 grit SiC paper 

with water before final polishing with 3 ɛm and 1 ɛm diamond suspensions and 

a lubricant consisting of ethylene glycol, ethanol, and isopropyl alcohol.  

XRD (Bruker D8 Advance) and the ñICDDò materials database were used to 

identify the phases and determine the lattice parameters (LPs) of the cubic 

(Cr,Mo)-solid solution and the intermetallic (Cr,Mo)3Si phase. The XRD system 

was equipped with a Cu cathode as the X-ray source using a Ni filter to block the 

kɓ-line of Cu. Absorption correction for thick samples was performed as 

described in ref. [38]. A z-scan was performed before every measurement to 

minimize the z-position error.  

Electron microscopy (Hitachi FlexSEM 1000II) was used to generate back-

scattered electron (BSE) images of the microstructures and wavelength-

dispersive X-ray spectroscopy (WDS) was used to measure the overall and local 

phase compositions and generate semiquantitative elemental distribution maps. 

The BSE images and the software ñImageJ.JSò were used to determine the 

fractions of the different phases. The phase compositions of all samples were 

determined using at least ten WDS measurements per phase. The overall 

composition was calculated by taking into account the observed area fraction of 

each phase as determined via ñImageJ.ò In the case of a single-phase material, 

the overall composition was determined using a WDS grid measurement and 

averaging over 121 points.  

 

High Temperature Exposure and Thermogravimetry  

To investigate and compare the oxidation and nitridation behavior of the alloys, 

annealed cuboids (ca. 4x4x3.5mm3), cut by electrical discharge machining and 

then ground using SiC paper up to P1200 grit, were exposed in a box furnace 

(Nabertherm HTC 03/15) in static laboratory air at 1200 °C. Prior to the exposure 
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the cuboids were ultrasonically cleaned with acetone and isopropyl alcohol. The 

ramp from RT to 1200 °C was 10 KĀmin-1 and the samples were furnace cooled 

after 50 h.  

To follow mass changes accurately, samples annealed at 1350 °C in Ar/5%H2 

for 100 h and then quenched were additionally measured in a TGA system in 

flowing (205 cmĀmin-1) dry synthetic air (80% N2, 20% O2) at 1200 °C (Furnace 

Nabertherm type HT 04/17). The mass change was continuously measured 

(Precision balance M25D-V, Sartorius) during the 100 h high-temperature 

exposure with one weight measurement per minute. The samples were 

connected to the balance via a vertical hanging sample holder system consisting 

of Pt wire and alumina tubes placed in the tube furnace. The linear Pt volatilization 

was taken into account by performing a reference measurement (empty sample 

holder) before loading the actual sample. The ramp rate was adjusted to prevent 

exceeding 1200 °C (RT to 1100 °C at 15 °CĀmin-1, 1100ï1190 °C at 10 °CĀmin-1, 

and 1190ï1200 °C at 5 °CĀmin-1). After 100 h exposure at 1200 °C, the furnace 

was shut down and the sample was furnace cooled under continuing gas flow. 

Reproducibility was confirmed by repeating most of the experiments. 
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Abstract  

This study investigates the effect of molybdenum in novel Cr-xMo-8Si alloys 

regarding hardness, fracture toughness and specific strength. With increasing Mo 

content in Cr-xMo-8Si alloys the hardness at room temperature (RT) linearly 

increases, with the dominant effect being solid solution hardening. Compression 

tests at temperatures between 23 and 900 °C show that the strength of Cr-xMo-

8Si alloys also increases with increasing Mo content. The strength of Cr-25Mo-

8Si (with a maximum specific strength of 170Ñ24 NĀmĀg-1) is comparable to IN718 

for temperatures up to 700 °C, but remains stronger up to the maximum tested 

temperature of 900 °C. However with Mo additions, the ductile to brittle transition 

(DBTT) regime is shifted to higher temperatures when compared to the reference 

material. The fracture toughness at RT ranges between 4 to 10 MPaĀm0.5. While 

it initially drops with increasing Mo content, it starts to increase for Mo Ó 25 at.%, 

which can be explained by a grain refining effect of Mo benefitting the fracture 

toughness. From the results, strategies for increasing the low fracture toughness 

at RT of this class of novel alloys are derived, providing a path forward to enabling 

applications making use of their outstanding high temperature properties. 

1. Introduction  

New alloy systems for high-temperature applications must surpass the current 

standard of nickel-based superalloys. Such alloys require a balanced property 

profile featuring high mechanical strength, creep, and corrosion resistance 
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beyond 1100 °C, along with reasonable ductility at lower temperatures for good 

workability and fracture toughness. 

One approach for developing new high-temperature (HT) alloys focuses on 

refractory metal-based systems, which are attractive due to their high strength at 

elevated temperatures resulting primarily from their high melting points. Notably, 

Mo- and Nb-based systems have been extensively investigated, as they exhibit 

excellent mechanical strength at high temperatures [1, 2, 3, 4, 5, 6, 7, 8]. 

However, these materials often suffer from insufficient oxidation resistance, 

primarily due to the formation of volatile oxides for Mo or catastrophically fast 

growing oxides for Nb, leading to an imbalanced property profile [1, 9, 10, 11].  

In the last ten years, chromium-based alloys have drawn more attention as they 

offer a more balanced property profile, offering an adequate mechanical strength 

for service temperatures above 1100 °C, while also ensuring an acceptable 

oxidation behavior that is intrinsic to the base alloy up to about 1200 °C [12, 13, 

14]. Cr provides several advantages, including low density, high melting point 

(Figure 1), high thermal conductivity, availability, and cost-effectiveness [15, 16]. 

Alloying strategies have already helped to manage some of the challenges of Cr-

based alloys, such as the formation of volatile species and nitrides at elevated 

temperatures [12, 13, 14, 17, 18, 19, 20]. Silicon contents up to 15 at.% have 

been shown to play a critical role in reducing nitridation, oxidation and 

volatilization rates of Cr-based alloys and promoting precipitation hardening by 

forming the intermetallic phase Cr3Si with the A15 structure [21, 22]. While 

increasing the amount of intermetallic phase in the Cr solid solution matrix 

generally improves oxidation resistance and specific strength, excessive 

amounts can lead to increased brittleness, [22, 23, 24, 25] diminishing the overall 

benefits. Therefore, to maintain reasonable workability and toughness, the 

quantity and distribution of the intermetallic phase must be controlled. 

Molybdenum has also been identified as a vital alloying element that can further 

enhance the high-temperature mechanical properties of Cr by solid solution 

hardening and mitigating the nitridation of the chromium matrix [26, 27, 12, 13, 

14]. Partial substitution of Cr with Mo decreases the Si solubility in the solid 

solution [14] and up to 3wt.% Mo in Cr has been shown to lower the DBTT, which 

is known to be a major challenge for Cr-based alloys [28]. 
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An earlier study demonstrated that the addition of Mo improves the oxidation 

behavior of Cr-xMo-8Si alloys in air at 1200 °C, with the most promising results 

at a maximum concentration of 25 at.% Mo in Cr-xMo-8Si [14]. The current study 

investigated the mechanical properties as a function of the Mo content and 

temperature. For this purpose the Vickers hardness of several Cr-Mo-Si alloys 

was measured and the fracture toughness was determined. The aim was to 

understand which of the multiple Mo effects impacts the hardness and toughness 

the most. The specific strength at low and high temperatures was determined by 

compression tests and compared to other relevant alloy systems.  

2. Experimental methods and analytics  

2.1 Synthesis of the alloys  

All investigated alloys were produced via arc-melting using pure elements as 

initial materials: chromium (Cr > 99.95 wt.%, PLANSEE), silicon (Si 

>99.999 wt.%, GfE) and molybdenum (Mo > 99.97 wt.%, PLANSEE). Buttons 

with a mass of 7 g were produced using the mini arc-melting system MAM-1 

(Edmund Buehler GmbH). Larger buttons (150 g) were produced using the arc 

melter AM 200 (Edmund Buehler GmbH). A high precision balance (Mettler 

Toledo XP205DR/M) was used to weigh the pure elements. Cr was added in 1 

wt.% excess to compensate for Cr loss during the melting process. The melting 

Figure 1: Melting temperature vs. density of refractory metals compared to 

Ni-based superalloys (NBS) [48, 50]  
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took place in an inert Ar atmosphere on a water-cooled Cu plate. A piece of Zr 

was melted as an oxygen getter to remove any residual oxygen in the melting 

chamber before melting the sample. All buttons were remelted five times and 

flipped over each time to establish homogeneity. Unless stated otherwise atomic 

percent compositions are used throughout this research article. 

2.2 Annealing  

All arc-melted samples were heated in a tube furnace (Carbolite type STF 14/450) 

in a flowing Ar/5 vol.%H2 atmosphere to homogenize concentration gradients and 

anneal the microstructure. Ti chips were placed next to the samples, facing the 

gas flow to getter residual oxygen during the anneal. Small 7 g buttons initially 

produced for the hardness tests were annealed for 100 h at 1200 °C and 

manually quenched in water after the anneal. Larger buttons (150 g) produced 

for compression tests underwent optimized annealing conditions, as derived from 

[14], with the goal of optimizing the distribution and size of the intermetallic A15 

phase in the A2 solid solution matrix. Compositions with Mo contents < 25 at.% 

were annealed at 1450 °C for 20 h in a first step, while samples containing Ó 

25 at.% Mo were annealed at 1350 °C for 100 h (to avoid stabilization of the ů 

phase in this step the annealing temperature was lowered). All compositions were 

then annealed at 1200 °C for 100 h in a second step. Due to the size of the ingots, 

manual water quenching was not possible and the samples were furnace cooled 

to RT.  

2.3 Microstructural analysis  

For microstructural analysis of the annealed and compression-tested samples 

and for hardness tests, samples were embedded in a graphite-filled phenolic 

mounting compound using a hot press (25 kN, 180 °C, 7 min). The embedded 

samples were ground using P320, P500, P800, P1200, and P2400 grit SiC paper 

with water before polishing with 3 ɛm and 1 ɛm diamond suspensions and a 

lubricant consisting of ethylene glycol, ethanol, and isopropyl alcohol. For 

electron backscatter diffraction (EBSD) measurements, a final 0.02 µm SiO2 

suspension was used for polishing. The compression-tested samples were 

embedded and ground so that the longitudinal cross-section at the middle of the 

cylinder was observable. Macroscopic images were recorded with a 



  Results and Discussion (Publications)  

 

Dissertation Lisa Zander  - 61 - 

 

stereomicroscope (Leica MZ16 A) for the compressed samples. Scanning 

electron microscopy (SEM, Hitachi FlexSEM 1000II) was used to produce back-

scattered electron (BSE) images to observe elemental contrast in the 

microstructures. Identification of phases was performed via X-ray diffraction 

(XRD) ñBruker D8 Advanceñ and quantitative elemental compositions were 

checked with a JEOL JXA-8100 electron probe microanalyzer using quantitative 

wavelength dispersive X-ray spectroscopy (EPMA/WDS) as described in [14]. 

EBSD analysis was performed with a ñSU5000ò SEM from Hitachi equipped with 

the ñVelocityò EBSD system from EDAX. A sample tilt angle of 70Á was used. The 

software used to identify the crystal orientation was ñOIM v8ò from EDAX applying 

a standard cleanup (Grain CI Standardization, tolerance 5.0, min size 3, Multi 

Row 1). For phase assignment during EBSD analysis the lattice parameters of 

Cr (A2) and Cr3Si (A15) phase as a function of Mo content were taken from [14]. 

2.4 RT Hardness testing  

The RT hardness of the samples was determined using a LEICA VMHT MOT 

hardness tester using the Vickers method. The diamond pyramid was pressed 

into the sample using a load of 1 kg (HV1) with an indentation speed of 50 µm/s 

and a maximum load duration of 15 s. The diameter (d) of the pyramid tip imprint 

for the samples ranged from 50-75 µm with a minimum distance of 400 µm 

between indentations. To determine the hardness values of the A2 and A15 

phases, a nanoindentation tester TTX NHT2 (Anton Paar Germany GmbH), 

equipped with a Berkovich tip, was used. An optimum testing force of 25 mN was 

determined and used for both phases with a loading speed of 50 mN/min (staying 

at the maximum load for 5 s) and unloading the sample with 100 mN/min. All 

measurements were performed on annealed, embedded and polished samples. 

Hardness values were determined by averaging at least ten measurements. To 

compare the fracture behavior of the alloy series additional Vickers tests were 

performed at much higher loads (HV30, HV50 and HV100) using hardness tester 

KB250 from ñKB Pr¿ftechnikò. Where applicable, the fracture toughness was 

estimated as KI based on the formula given in [29]: 

+
Ͻ Ⱦ                                                        (1) 
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with F = test load (kg), c = crack length + half of the indentation diagonal length 

(mm), and Ŭ = opening angle of the Vickers pyramid (136Á). Units were converted 

using: MPaĀm0.5 = 0.3101 kg/mm1.5. 

2.5 Compression testing  

For compression tests cylinders of 4 mm diameter and 6 mm length were 

manufactured by electric discharge machining (EDM). Since some compositions 

did not fail with the maximum load of the testing device (25 kN), additional 

cylinders of 3 mm diameter and a length of 4.5 mm were manufactured to 

determine stress-strain curves for each material. Stress-strain plots from both 

sample types were comparable. Only the full curves are included here. The two 

end faces of the cylinders were ground with P500 grit SiC paper. The 

circumferential surface was ground only for the 4 mm cylinders. The initial 

diameter and length of every sample was determined using a digital caliper. For 

the compression tests, an ñInspekt 50ò (ñHegewald & Peschke MeÇ- und 

Pr¿ftechnik GmbHò) compression rig with alumina pushrods was used. A vertical 

clam shell-type furnace was used to heat the cylinders during the compression. 

A thermocouple was placed near the surface of the sample to track the real 

temperature (given values ± 5 °C). All compositions were tested at 23, 300, 500, 

700 and 900°C. Random measurements were repeated to ensure reproducibility. 

The cylinders were placed in the center of the lower pushrod and a preload of 

10 N was applied by moving the upper rod downwards. The furnace was closed 

around the sample and pushrods. During the heating period, the preload was kept 

constant. At 15 min after the set temperature had reached a constant value, a 

compressive strain rate of 2.5Ā10-4 s-1 was applied. All samples were either 

compressed until breakage (sudden loss of > 80% load) or the test was aborted 

at a travel distance of half the sample length. A calibration data set was generated 

for all tested temperatures by determining the force-length variation for the testing 

device without a sample. This data was used to correct the travel distance values 

from the experiments containing a specimen. The engineering stress and strain 

values were calculated using formulas (2) and (3) [30]. Additionally, the densities 

of various Cr-xMo-8Si samples were determined by the Archimedes method 

using a high precision balance (Mettler Toledo XP205DR/M) in order to calculate 
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the temperature-dependent specific strength using the 0.2% proof stress of the 

alloys and dividing it by the density. 

Stress:  „                                                               (2) 

 

Strain:  ‐   Ͻ   ρππ                                                          (3) 

3. Results + Discussion  

3.1 Microstructure  

The initial microstructure of the alloys is shown in Figure 2, using EBSD including 

a) the orientation of the grains and b) the average grain size. Increasing Mo in 

Cr-xMo-8Si decreases the overall grain size by one order of magnitude, ranging 

from an average of about 450 µm for Cr-8Si to about 50 µm for Cr-25Mo-8Si. It 

should be noted that Cr-25Mo-8Si was exposed to a lower initial annealing 

temperature (see 2.2 Annealing section: 1350 °C vs. 1450 °C) to prevent entering 

the stability regime of the ů phase field [14], so the grain size of Cr-25Mo-8Si is 

not directly comparable with the other three compositions. On the other hand, a 

shorter annealing time (20 h vs. 100 h) in the first annealing step may have 

partially compensated for the effect of a higher temperature for Cr-8Si in terms of 

grain growth.  

Apart from the increasing melting temperature of the Cr-xMo-8Si alloy series with 

increasing Mo content [31], the grain refining effect of Mo on Cr during annealing 

can also be ascribed to an increasingly non-homogeneous matrix phase in the 

arc-melted state [14]. A higher density of lattice defects like dislocations and 

Figure 2: Initial microstructure of the Cr -xMo-8Si series depicted with EBSD imaging showing a) the 

crystallographic orientation of the grains and b) Grain size depending on Mo content in Cr -xMo-8Si 
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vacancies is typical in regions of concentration gradients. These defects can act 

as favorable sites for grain nucleation during annealing at the expense of grain 

growth. Another aspect that can contribute to grain refinement is the increased 

amount of A15 phase [14] with higher Mo contents, which also can lead to an 

increased amount of grain nucleation sites (as also observed in section 3.3 

Fracture toughness). For lower Mo contents, grain growth is more dominant 

during annealing. Not only the size but also the morphology of the grains 

changed. Interestingly, Cr-8Si and Cr-10Mo-8Si show rather equiaxed grains, 

while alloys with Mo contents Ó 20 at.% resulted in microstructures that were 

more columnar. 

In Figure 3 the EBSD rotation angle within one grain of the Cr solid solution matrix 

(A2) is shown for each composition. It is striking that there are relatively high 

rotation angles (5-15°) within the A2 matrix of the Cr-8Si alloy, which can be 

indicative of a higher stress in the matrix and subgrain formation [32]. Along these 

subgrains, slip can occur during deformation. Mo-containing alloys showing fewer 

and lower rotation angles (1-5°) indicate deformation would be more difficult for 

the Mo-strengthened Cr solid solution.  

3.2 Hardness  

To investigate the influence of Mo on the RT hardness of the Cr-xMo-8Si system, 

an alloy series with x = 0, 10, 20, 25, 40 at.% was produced. The annealed alloys 

formed a Cr solid solution matrix (A2) and an intermetallic phase (A15). RT 

hardness of the overall microstructure versus the individual phases was 

determined via the Vickers method (HV1) and nanohardness testing with a 

Figure 3: EBSD boundary rotation angle within one grain of the Cr solid solution matrix (A2)  
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Berkovich tip (Figure 4). An additional comparison between different annealing 

types was added to investigate the influence of A15 distribution on the overall 

hardness. To better distinguish the different effects of Mo on the overall hardness 

of the alloy, Cr-25Mo-8Si was chosen to be compared with the single-phase (A2) 

alloys: Cr-26Mo-3Si (composition of A2 in Cr-25Mo-8Si [14]), Cr-3Si and pure Cr. 

All of the additional materials were also arc-melted and annealed at 1200 °C prior 

to hardness testing.  

Before discussing the influence of Mo on the hardness of Cr-based Cr-Mo-Si 

alloys it is important to recognize the complexity of superimposed effects that can 

lead to hardening or softening in this system. In [14] the influence of Mo content 

on the Mo distribution, Si solubility and the amount of A15 phase was extensively 

analyzed. It was observed that Mo substitutes Cr in the A2 and A15 phases. The 

higher the overall Mo content, the more Mo enrichment occurred in the A2 phase 

as compared to A15. The addition of Mo decreases the Si solubility in both 

phases and leads to an increased amount of A15. Thus, for the investigated alloy 

series, it can be expected to see an increased hardness with increasing Mo 

content due to solid solution hardening of the A2 phase and an increased amount 

of the intermetallic phase. At the same time the decreased solubility of Si, 

especially in the solid solution matrix, can theoretically improve ductility and 

fracture toughness [25, 33]. 

 
Figure 4: BSE pictures of Vickers imprints of the Cr -xMo-8Si alloy series and an example of nano -

indentations. The bright matrix is A2, while darker precipitates are the intermetallic A15 phase. Top 

row: non -optimized anneal; bottom row: optimized two step  anneal with improved number density 

of A15.  
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In Figure 5 the RT hardness of the bulk material and the respective individual A2 

and A15 hardness values of the Cr-xMo-8Si alloy series is plotted versus the Mo 

content. The overall hardness of the Cr-xMo-8Si alloy increases with increasing 

Mo content. Hardness values vary between 3.6(1) GPa for Cr-8Si and 8.0(1) GPa 

for Cr-40Mo-8Si. The comparison of pure Cr and Cr-3Si gives information on the 

solid solution hardening effect of Si dissolved in the A2 matrix. An increase in 

hardness of 51±6% was achieved by the addition of 3 at.% Si to Cr. The 

strengthening effect of Si in Cr was extensively studied by Aono et al. [22], who 

showed that the proof stress increases almost proportionally with the Si content 

in the Cr solid solution. Similar observations have been made for the Mo-Si 

system [34]. Comparing Cr-3Si with the single-phase Cr-26-Mo-3Si alloy gives 

information on the solid solution hardening effect of Mo in the Cr system. Here, a 

hardness increase of 174±10% was determined. Comparison of the single-phase 

Cr-26Mo-3Si and the two-phase material Cr-25Mo-8Si (containing 28±1 area % 

of A15 phase [14]) showed an increase in hardness of 30±1% due to the A15 

phase. This suggests that the dominant hardening mechanism is solid solution 

hardening of the matrix phase (A2), while precipitation hardening via the A15 

Figure 5: RT hardness (micro and nano hardness) vs. overall Mo content and Mo content per phase 

(A2 or A15)  
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phase has a relatively minor contribution. This behavior may drastically change 

for higher Si contents that are closer to the regime of a eutectic microstructure as 

described in [22]. Using an improved two step anneal, as derived from the data 

of [14], to alter the size and distribution of the intermetallic phase (see Figure 4), 

did not lead to a significant difference in the precipitation hardening effect (see 

Figure 5), which confirms that the matrix phase dominates the hardness. No 

cracks were initiated in the A2 matrix phase during Vickers testing with loads of 

1 kg. However, larger area fractions of A15 phase did show isolated cracking, 

while finer A15 precipitates were more resistant to cracking. This suggests that 

optimized annealing could have a beneficial influence on the fracture behavior of 

the A15 phase. Evaluation of the individual phases as determined using 

nanohardness showed that A15 hardness values are up to å4.5 times higher than 

the A2 phase for each composition. With increasing Mo content, the difference in 

hardness between the A15 and A2 is lowered to around 2 times higher. The more 

substantial enrichment of Mo in the A2 with increasing overall Mo content, as 

observed in ref. [14], leads to an increased hardening effect in the A2. Meanwhile, 

the intermetallic phase decreases in hardness with increasing Mo content. Due 

to the small size of the A15 precipitates, the hardness values show a rather large 

deviation, and a linear trend can only be roughly estimated. Nevertheless, a 

decrease in hardness of the A15 phase with increased Mo content is clear and 

can be explained by the decreased Si amount (which is observed in both phases) 

with increasing Mo content, as described in [14]. According to the binary Cr-Si 

and Mo-Si phase diagrams [35, 36] Mo should favor a more stoichiometric, and 

thus higher, Si content in the A15 phase. That suggests that the presence of Mo 

either induces antisite defects (substitution of Si by Cr) or constitutional 

vacancies, which both can explain lower hardness. The finding in ref. [33] stating 

that the substitution of Cr with Mo can increase the fracture toughness of Cr3Si 

correlates with the observations of a lower hardness. In A2 the effect of solid 

solution hardening by Mo has a stronger influence on hardness than the reduced 

Si solubility. Thus, the trend shows a linear increase in hardness for the solid 

solution phase. Note that due to differing evaluation methods, the results from 

nanohardness can be 10 to 30% larger than that of micro-hardness [37], 

explaining the difference of roughly 30 % between the hardness of Cr-26Mo-3Si 
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as determined by micro-hardness versus the respective phase hardness of A2 

as determined by nanohardness. 

3.3 Fracture toughness  

In order to get an impression of the fracture toughness, Vickers tests at higher 

loads were performed (HV30) with the samples that underwent an optimized two 

step anneal. The tests resulted partly in cracking of the A2 matrix, from which an 

estimation of the fracture toughness as described in [29] was possible. Figure 6 

depicts an overview of some of the generated cracks. No cracks were observed 

in the Cr-8Si reference sample, while the alloys containing Mo in the Cr-xMo-8Si 

series showed cracks emerging from the corners of the Vickers imprint as 

described in [29]. A single-phase material Cr-26Mo-3Si (the composition of A2 in 

the Cr-25Mo-8Si alloy) was included to measure the influence of Mo on fracture 

toughness of the A2 matrix. Similarly to Cr-8Si no cracks were observed in the 

Cr-26Mo-3Si material. The fracture toughness was determined as KI as 

described in the experimental section. Where no cracks were observed the 

method was labeled as not useful for fracture toughness determination and the 

KI value can be expected to be >10 MPaĀm0.5 (the largest value determined from 

the test). Formula (1) allows inserting a crack length of 0 mm so that c is just half 

of the indentation diagonal length, which theoretically gives vales for KI of 13 and 

19 MPaĀm0.5 for Cr-8Si and Cr-26Mo-3Si, respectively. This would suggest an 

increase in toughness by adding Mo to the A2 matrix. All determined KI values 

(Table 1) are also plotted in Figure 7 for a better comparison. Also literature data 

Figure 6: HV30 Vickers imprints using stereomicroscope and SEM images (material contrast mode - 

bright matrix = A2, darker precipitates = intermetallic A15 phase)  
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from refs. [25, 33] were included for comparison, showing that fracture toughness 

for Cr-Si alloys decreases with increasing A15 content. In this work, the fracture 

toughness in the Cr-xMo-8Si system decreases from >10 to å4 MPaĀm0.5 for Cr-

20Mo-8Si but starts to increase again to 10 MPaĀm0.5 for higher Mo contents. This 

implies that not only does the Mo content in the A2 and A15 phases influence the 

fracture toughness, but the overall microstructure changes it also. While Mo 

refines the grain size (Figure 2 (b)), also the size and distribution of the A15 phase 

is altered. For Mo contents Ó 25 at.% the A15 phase partly evolves out of a ů 

phase (present in the as-cast state [14]), which decomposes to A2 and A15 in 

the annealing step and leads to a fine local eutectoid microstructure, especially 

predominant for Cr-40Mo-8Si (see Figure 6). Both of these features seem to be 

beneficial for fracture toughness. The single-phase material Cr-26Mo-3Si had 

superior fracture toughness as compared to the respective two-phase material 

Cr-25Mo-8Si, showing that the intermetallic A15 phase limits and decreases the 

fracture toughness overall. Thus, the desired minimum of 15 MPaĀm0.5 cannot 

be reached with the two-phase Mo-containing alloys of the current study. Finer 

grain sizes may, however, provide a path to reaching 15 MPaĀm0.5 with further 

optimization. 

Some compositions were chosen to be tested at even higher Vickers loads of 

HV50 and 100. In Figure 8 the Vickers imprints of a) Cr-8Si (A2+A15), b) Cr-

25Mo-8Si (A2+A15) and c) Cr-26Mo-3Si (single-phase A2) are compared using 

SEM images. In some images, BSE mode was used to highlight A2 (bright matrix) 

versus A15 (darker precipitate). Reference alloy Cr-8Si (Figure 8 a) still showed 

no crack formation inside the BCC matrix. Higher magnification of the edge of the 

imprint shows that the A15 precipitates of the Cr-8Si sample all show crack 

Table 1: K I values determined via Vickers testing including literature data from [25, 33]  
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formation within and near the imprint. The cracks do not propagate from the 

intermetallic phase across the interface and into BCC matrix showing that the A2 

matrix itself provides reasonable fracture toughness even at low temperatures. 

The Cr-25Mo-8Si alloy does show severe crack formation in the A2 matrix when 

tested with HV50. Differing crack formation and propagation in Cr-25Mo-8Si was 

observed as depicted in Figure 8 b). Some cracks were isolated inside the A15 

phase, while others cut through both phases. Using testing loads of 100 kg 

resulted in cracks running parallel to each other within the A2 matrix. This is 

Figure 7: Fracture toughness determined from hardness testing in dependance of composition; 

including literature data from [25, 33, 51]; Cr -8Si and Cr -26Mo-3Si did not show cracking  

Figure  8: SE- and BSE -SEM images of Vickers imprints of a) Cr -8Si, b) Cr -25Mo-8Si and c) Cr -26Mo-

3Si alloys.  
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typical for cracks moving along screw dislocations. When encountering an A15 

precipitate, the cracks are partly deflected towards the weak A2-A15 interface, 

but the óbrittleô intermetallic cannot stop the propagation of cracks in the matrix at 

RT. In comparison to Cr-8Si, Cr-25Mo-8Si showed fewer cracks within the A15 

phase. However, for Cr-25Mo-8Si some larger A15 precipitates showed cracks, 

while smaller A15 precipitates seemed unaffected by the indentation. Meanwhile, 

in Cr-8Si, almost all of the A15 precipitates showed isolated cracking. This is in 

line with the observation in [33], of an improved toughness of Cr3Si when Mo is 

incorporated. 

The Cr-26Mo-3Si alloy (Figure 8 c)) is a single BCC (A2) phase material and is 

the same composition of the A2 phase of the Cr-25Mo-8Si alloy (Figure 8 b)). 

This helps to distinguish between the effect of Mo addition to the Cr solid solution 

and the influence of the intermetallic phase. In Figure 8 c) the single-phase 

material is depicted. No cracks were produced during Vickers testing, confirming 

that substituting Cr with Mo in A2 does not lower the fracture toughness to critical 

values at RT in the Vickers test set-up used here. So while the Mo-enriched BCC 

matrix showed reasonable toughness in the single-phase material (no cracks), it 

showed failure (cracking in the matrix) when the intermetallic (Cr,Mo)3Si phase is 

present. Also, the difference in grain size and morphology likely has a crucial 

influence on the deformation behavior of the alloys. Figure 9 shows EBSD images 

of the crystallographic grain orientation for the annealed two-phase alloy Cr-

25Mo-8Si and single-phase material Cr-26Mo-3Si. The grain size and structure 

differ greatly although the same annealing procedure was used for both alloys. 

The single-phase material had much larger grains, above 200 µm and some 

larger than 500 µm, while the two-phase alloy had grain sizes in the 50 ï 200 µm 

Figure 9: EBSD images of crystallographic grain orientation for identically annealed a) Cr -25Mo-8Si 

(A2 matrix + A15 precipitates) and b) single -phase (A2) Cr -26Mo-3Si alloy.  
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range. As explained earlier (section 3.1 Microstructure) the formation of A15 

phase precipitates creates grain nucleation sites during annealing. Additionally, 

it has to be taken into account that for Cr-25Mo-8Si ů phase is present in the as-

cast state and decomposes into A2 and A15 phase during annealing [14], which 

also contributes to grain refinement. So, despite the same composition of the A2 

phase for both materials, the grain size and shape vary widely, showing that the 

formation of the A15 phase affects the grain morphology and the overall fracture 

toughness.  

3.4 Strength and deformation in compression  

To investigate the influence of Mo and the corresponding change in 

microstructure on the compression behavior of Cr-xMo-8Si alloys, Mo contents 

of x = 0, 10, 20, 25 at.% were tested and compared. Higher Mo contents, as well 

as single-phase alloys, were not included, since it was previously demonstrated 

that they have undesirable properties during high-temperature oxidation at T 

>1100 °C (strong MoO3 evaporation) [14, 38]. It is worth noting that the materials 

tested in this work can only give a preliminary impression of the mechanical 

properties of the newly developed Cr-xMo-8Si alloys produced via arc melting. 

Alternative manufacturing methods like a powder manufacturing route will 

produce a more homogeneous microstructure at lower annealing temperatures. 

This will result in smaller and more reasonable grain sizes and can increase the 

strength and toughness of the alloys further. 

In Figure 10 a)-e) the stress-strain curves of compressively tested Cr-xMo-8Si 

alloys at various temperatures are depicted. From this data, the strain at 

maximum stress was extracted to assess the ductile-to-brittle transition 

temperature (DBTT) range of the tested alloys (see Figure 10 f). From this data 

it is clear that a transition between rather brittle failure and ductile deformation for 

Cr-8Si is located between 500 and 700 °C. This is already a massive increase of 

DBTT compared to pure Cr, which can show a DBTT of -25°C to -45°C for ultra-

pure Cr [39, 28], 130-140 °C for rolled Cr [40, 41] and up to 230°C for as-sintered 

material [41]. Figure 10 f) shows that an increased amount of Mo shifts the DBTT 

to even higher temperatures, between 700°C and 900°C for 10 at.% Mo and 

above 900°C for 20-25 at.% Mo. Despite the facts that: a) substituting Cr with Mo 

in the solid solution leads to decreased Si solubility [14], b) pure Mo has a low 
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DBTT (-136°C) [15], and c) additions of Mo up to 3wt.% were shown to lower the 

DBTT of Cr [28], the statement of Ault in 1967 is also confirmed for Mo that ñsolid 

solution alloying additions to improve strength generally raise the DBTTò [42].  

However, from the stress-strain curves (Figure 10 a-e) a certain compressive 

ductility before total failure is visible at RT for all of the investigated alloys. In 

Figure 11 the compression testing setup, the initial cylindrical sample types, and 

the appearance of all samples after the compression test are depicted. Note that 

the compression tests were either stopped due to detected failure (sudden loss 

Figure 10: Stress -strain curves for compressive testing (with strain rate 2.5 x 10 -4 s-1) of Cr -xMo-

8 at%Si alloys at a) 23, b) 300, c) 500, d) 700 and e) 900 °C; f) Strain at max. stress vs. temperature  

Figure 11: Samples after compression testing either until å 50% compression or after breakage 
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of >80% load) or the test was aborted at a travel distance of half of the sample 

length.  

While the reference alloy Cr-8Si at RT showed failure by cracking at an 

engineering strain of ca. 9%, for all other temperatures investigated, the test ran 

until å50% engineering strain. The sample tested at 900 °C shows no visual 

surface cracks and relatively homogenous ductile deformation behavior. The 

other samples of 10, 20 and 25 at.% Mo deformed rather non-homogeneously in 

a mixed state of brittle-ductile behavior. This effect was more potent with 

increasing Mo content. All Mo-containing samples (10-25 at.%) were tested at 

room temperature until breakage, whereupon they usually broke into several 

pieces. At temperatures between 300 and 900 °C for Mo contents of 10-20 at.% 

the compression tests ran until å50% engineering strain but showed strongly non-

homogeneous deformation behavior. At a content of 25 at.% Mo and 

temperatures between 300-900 °C, the cylinders failed with a fracture running 

along the sample at 45°, the plane of maximum shear stress, at an engineering 

strain of 5% (RT) and 20% (900°C).  

To determine the specific strength of the alloys, the proof stress at 0.2% strain 

(used as the approximated yield stress) was determined and divided by the 

material density. For Cr-xMo-8Si with x=0, 10, 20, 25 at.% Mo the determined 

densities are 6.96, 7.18, 7.43, and 7.62 g/cm3, respectively. The specific strength 

of the materials versus their Mo content is plotted in Figure 12 a) for all of the 

tested temperatures.  

Figure 12: Calculated a) specific strength vs. Mo content and b) vs. RT hardness (literature data for 

Cr from [43])  
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The overall trend shows that the specific strength of the Cr-xMo-8Si alloys 

increases with increasing Mo content for all of the investigated temperatures. 

Between 23 and 900°C for Cr-8Si, the specific strength values ranged from 27 to 

58 NĀmĀg-1, for Cr-10Mo-8Si between 88 and 104 NĀmĀg-1, for Cr-20Mo-8Si from 

106 to 133 NĀmĀg-1, and for Cr-25Mo-8Si between 120 and 170 NĀmĀg-1. While 

the alloys with 0 to 20 at.% Mo content had a rather stable specific strength from 

RT to 700 °C, the beginning of a decrease in strength could be noted for the 

compression at 900 °C (red curve of Figure 12 a)). The material with 25 at.% Mo 

showed decreasing specific strength from RT to 300 °C, a rather constant plateau 

between 500 and 700 °C, and again the onset of a decrease in strength at 900 °C. 

Figure 12 b) shows the specific strength of the alloy series plotted against the 

determined hardness values at RT. For comparison, the value for pure Cr [43] 

from literature was added. An exponential fit best describes the correlation 

between the hardness and specific strength within this system.  

Figure 13 a) depicts the cross-sections of cylindrical samples (Cr-8Si, Cr-10Mo-

8Si) compressed until å50% strain at 300 °C (more brittle regime) and 900 °C 

(more ductile regime) in stereographic overview. Electron microscopic images of 

the observed crack formation near the centers of the samples are included in 

Figure 13 b). For the Cr-8Si cylinder compressed at 300 °C, macroscopically, a 

fracture runs vertically at one side along the cylinder. In contrast, the rest of the 

fractures predominantly run diagonally along the planes of maximum shear stress 

at 45°. Microscopically (see Figure 13 b)), cracks run along grain boundaries 

Figure 13: Cross -sections of cylindrical samples (Cr -8Si, Cr-10Mo-8Si) compressed until ca. 50% 

strain at 300 and 900°C a) in stereographic overview (arrows showing the compression direction) 

and b) BSE images near the middle of the samples  
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decorated with the A15 phase. Isolated cracking within the A15 phase 

precipitates and along the A2-A15 interface was observed, while the solid solution 

matrix could deform significantly before cracking occurred. At 900 °C for the same 

Cr-8Si material, the behavior was reversed. Macroscopically visible fractures do 

not accompany the overall deformation. On a microscopic scale, it is clear that 

initial cracking occurred in the solid solution. The cracks in the solid solution were 

often stopped by the A15 intermetallic, but some also propagated through the 

intermetallic phase. The A15 phase was not greatly affected by compression at 

900 °C for Cr-8Si. So, while at 300 °C the A2 phase is the more ductile phase 

inhibiting crack propagation (cracks which had been initiated in the A15 phase), 

at 900 °C the intermetallic A15 phase provides additional strength and can limit 

crack propagation inside the A2 solid solution. 

By adding Mo to the alloy (Cr-10Mo-8Si), the resulting macroscopic fracture 

pattern after compression up to 50% strain is more pronounced at both 

temperatures (Figure 13 lower row). At 300 °C, the main fractures run diagonally 

at a 45° angle in both directions of the cylinder, forming an overall X-shaped 

fracture and leaving an hourglass-shaped region of less deformed material at the 

top and the bottom of the cylinder. The slanted shape of the cylinder points 

towards a misalignment during compression, explaining the slightly higher value 

for yield stress observed for this sample (Figure 12 a)). For 900 °C, three vertical 

but isolated fractures are visible. Microscopically, cracking occurred mainly within 

the A15 phase at 300 °C, but some regions with cracks inside the A2 matrix were 

also observed. For 900 °C, there is much less crack formation within the A15 

phase, and the dominant crack formation and propagation was inside the A2 

phase. When encountering an A15 phase, the intermetallic also starts to show 

crack formation and partly manages to deflect the crack. Overall, the crack 

formation and propagation mechanisms are similar for both compositions (Cr-8Si 

vs. Cr-10Mo-8Si). Still, the strengthening effect of Mo at high temperatures leads 

to an overall decreased ductility, in-line with the reduced fracture toughness 

observed in the Vickers testing. 

Figure 14 shows the alloy composition with the highest Mo content (Cr-25Mo-8Si) 

compressed at 300 and 900 °C up to breakage. Both of these temperatures are 

still in the brittle regime of the alloy. The high strengthening effect of Mo in this 
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alloy inhibited strong deformation and thus led to fracture before compression to 

50% strain. For 300 °C the cylinder failed at ca. 7.5% strain and at 900 °C a strain 

level of 20% was reached before failure. In the 300 °C sample, the fracture ran 

along a 45° degree plane through the cylinder. This is similar to the sample 

compressed at 900 °C, though here the fracture seemed to be partly deflected, 

as it is not running along the full length of the diagonal. Microscopic cracks can 

be observed near the middle of the sample and next to the primary fracture. 

Again, for low temperatures, the cracks were within the intermetallic phase, while 

at 900 °C the A2 matrix failed first. The cracks through the A2 phase are partly 

deflected to the A2-A15 interface when encountering an intermetallic precipitate. 

To compare the strength of the alloy series, the yield stress determined from 0.2% 

proof stress is depicted in Figure 15 with the addition of data from the literature. 

Data for a commercial Ni-based alloy IN718 (compressive [44] and tensile tests 

[45]), compressive test data of a Mo-based alloy [7], two recently investigated Cr-

based alloys [38, 46], Cr-8Si [22], and pure Cr [43] are included with the applied 

strain rates when available. The Cr-25Mo-8Si (density 7.6 g/cm3) alloy, showing 

the highest yield stress at room temperature, is comparable with IN718 (density 

8.2 g/cm3 [47]). Above 700°C, it does not show the sharp drop of IN 718. This 

Figure 14: Cross -sections of Cr -25Mo-8Si compressed until breakage (at ca. 7.5% strain at 300 and 

20% at 900°C) in stereographic overview (arrows showing the compression direction) (top) and SEM 

images (bottom)  
















































































































