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High-temperature heat exchangers for concentrated solar thermal systems operating at up 
to 750°C and 250 bar face challenges, including creep, oxidation, corrosion, thermal cycling, 
and particle-driven erosion. The COMPASsCO2 project explored Cr-based superalloys as 
cost-effective alternatives to conventional Ni-based alloys. Two novel material systems were 
developed: Cr-NiAl alloys with Fe additions that reached homogeneous microstructures and 
stable NiAl precipitates, enhancing high-temperature strength, and Cr-Si alloys showing 
exceptional hardness and erosion resistance. Although high ductile-to-brittle transition 
temperatures limited the use of Cr-Si as bulk materials, they proved effective as protective 
slurry coatings. A novel Cr-Si diffusion coating process was developed and validated through 
oxidation and erosion testing. Laboratory-scale testing under simulated conditions was 
supported by computational wear modeling, thermodynamic simulations, and machine-
learning-based microstructural analysis. These findings highlight material solutions applicable 
to the particle/sCO2 use case and relevant to other high-temperature, chemically aggressive 
industrial environments.

Introduction
Concentrated solar thermal (CST) systems 
operating at temperatures above 750°C 
and pressures up to 250 bar pose severe 
material challenges, particularly for com-
ponents such as heat exchangers that expe-
rience cyclic oxidation, corrosion, and ero-
sion. Within the COMPASsCO2 project, 
one research focus was the development 
of high-performance materials capable of 
withstanding these extreme conditions. 

As CST technology advances, in this case 
with the integration of supercritical CO2 
(sCO2) Brayton power cycle and solid 
particles serving as both heat transfer 
and thermal storage medium (schematic 
shown in Figure  1), the limitations of 
conventional heat   exchanger materials 
have become increasingly evident. Nickel-
based superalloys and austenitic steels, 
while offering good creep strength and 
oxidation resistance, exhibit performance 
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Decarbonizing high-temperature process heat and 
power demands materials that survive >750°C, 
high pressure, and particle flows. This study intro-
duces new chromium-based alloys and protective 
coatings designed for the next generation of 
concentrated solar thermal power plants that use 
supercritical carbon dioxide and solid particles to 
convert heat into electricity more efficiently. The 
research combines advanced materials develop-
ment with computer simulations and machine 
learning to predict how these materials perform 
over time. The newly developed chromium–
nickel–aluminum and chromium–silicon materi-
als show excellent resistance to heat, corrosion, 
and particle erosion at temperatures up to 900°C. 
A new, low-cost coating method provides durable 
surface protection and could extend the lifetime of 
heat exchanger components by a decade. Beyond 
solar energy, these findings are relevant for any 
high-temperature industry, such as gas turbines, 
hydrogen production, or chemical processing, 
where materials failure limits efficiency and sus-
tainability. By improving durability and reducing 
maintenance costs, this work supports more afford-
able and reliable renewable energy systems and 
offers a pathway toward cleaner, longer-lasting 
technologies for high-temperature industrial 
applications.
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degradation above approximately 700°C. Consequently, 
there is growing interest in refractory-based alloys, which 
possess inherently high melting points exceeding <1900°C.

One promising approach explored in COMPASsCO2 
involves the development of novel Cr-based alloys. Cr 
combines a high melting point (~1907°C) with excellent 
oxidation resistance and cost advantages compared to nickel 
or cobalt. However, its widespread use as a bulk material 
has been hindered by challenges such as nitridation-induced 
embrittlement as well as reduced oxidation resistance above 
900°C.2,3 Overcoming these challenges are key to enabling 
their use in next-generation CST heat exchangers. To this 
end, two alloy systems have been investigated:

1.	 Cr-based alloys strengthened by B2-NiAl precipitates, 
offering high-temperature strength and stability.

2.	 Cr strengthened by A15-Cr3Si precipitates, enhancing 
oxidation and nitridation resistance.

In parallel, COMPASsCO2 has also developed advanced 
coatings designed to improve oxidation, corrosion, and 
erosion resistance of conventional heat exchanger tube 
materials.

Materials and methods
Benchmark materials
Following a detailed literature review conducted by Galetz 
et al.,1 a representative set of state-of-the-art high-temper-
ature materials was selected for benchmarking and assess-
ment of their compatibility with next-generation CST plants 
using solid particles and sCO2. These materials included 

nickel-based superalloys such as Inconel 617b (solid-solution 
strengthened), Inconel 740, and Haynes 282 (γ-γ′ based), 
along with the solid-solution nickel-based superalloy, the 
high-temperature austenitic steel Sanicro 25, and the ferritic 
steels P91 and 92. These alloys are commonly employed in 
thick-walled components of steam-cycle systems, including 
main steam pipework and superheater outlet headers, where 
they are subjected to creep, fatigue, and creep-fatigue load-
ing.4 The compatibility of Sanicro 25, Inconel 625, Inconel 
740, and Haynes 282 in sCO2 environments and their oxida-
tion test results at different temperatures and exposure times 
are reported in References 5 and 6.

Initial microstructural characterization of the commercial 
alloys was conducted using optical and scanning electron 
microscopy (SEM), complemented by hardness measure-
ments. Tensile testing was conducted across a temperature 
range from room temperature (RT) to 900°C to evaluate 
the mechanical performance of the reference alloys. These 
results established a reference for comparison with newly 
developed materials and guided subsequent alloy design and 
selection.

Development of novel Cr‑based alloys
Novel Cr-based body-centered-cubic (bcc) superalloys based 
on the Cr-NiAl system represent an innovative alternative 
to high-temperature materials.7,8 Bcc superalloys are a new 
class of high-temperature materials comprising a disordered-
bcc matrix (β) and ordered-bcc precipitates (β′).9 Their β-β′ 
microstructure design mirrors the γ-γ′ microstructure of 
nickel superalloys. They offer exceptional strength retention 
at temperatures exceeding 1200°C, surpassing conventional 

Figure 1.   Schematic of a concentrated solar thermal plant with solid particles as heat transfer and storage medium, coupled with a supercritical 
CO2 (sCO2) Brayton power cycle and a particle/sCO2 heat exchanger.  Adapted with permission from Reference 1. © 2025 Wiley.
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nickel-based superalloys. Their bcc crystal structure provides 
inherent high-temperature strength and creep resistance, mak-
ing them promising candidates for next-generation turbine 
engines and power generation systems.10,11 However, these 
alloys face significant challenges including poor oxidation 
resistance at elevated temperatures and brittleness at room 
temperature.12 Samples of different alloys were produced 
by melting high-purity Cr, Ni, Al, and Fe in an arc-melter 
under Argon in order to leverage a dual-phase microstructure 
consisting of a ductile bcc-Cr matrix (β-phase) reinforced by 
nanoscale, ordered bcc-B2 NiAl precipitates (β′-phase).

Prior studies have shown that silicon additions play a crucial 
role in enhancing the oxidation and nitridation resistance of 
chromium-based alloys. Experiments conducted in synthetic air 
at 1200°C for 1000 h demonstrated that even small additions 
of Si (3 at.%) significantly reduce Cr2O3 volatility and sup-
press internal nitridation through stabilization of Cr3Si, which 
effectively resists nitrogen penetration. At higher Si contents 
(≥8 at.%), the formation of protective SiO2-Cr2O3 scales further 
improves environmental resistance.13 Additional alloying with 
elements such as Ge, Pt, and Mo was found to further improve 
the oxidation and nitridation resistance.9,10 In order to study its 
mechanical properties, Cr-Si alloys were synthesized, combin-
ing a Cr solid solution (Crss) matrix containing A15-structured 
Cr3Si silicide precipitates. Silicon additions were selected for 
their ability to promote the formation of stable oxides and 
nitrides, improving oxidation and nitration resistance. The 

Cr3Si phase contributes to increased strength and hardness, 
further enhancing high-temperature performance.

Development of Cr‑Si diffusion coatings
A novel Cr-Si diffusion coating process was developed and 
patented using a novel slurry coating technique, applicable 
to both steels and nickel-based superalloys.14–16 Compared 
with the state-of-the-art pack cementation process, this inno-
vative slurry process offers notable economic and practical 
advantages, particularly for large-scale components such as 
intended heat exchanger tubes. This method involves air-
brushing Cr-Si-rich slurries onto metal substrates, followed 
by thermal diffusion treatments in a controlled atmosphere. 
This process generates a Cr- and Si-enriched outer diffu-
sion layer capable of forming a protective and long-lasting 
Cr2O3 scale during high-temperature exposure. Additionally, 
the incorporation of Si promotes the precipitation of interme-
tallic silicide within the diffusion layer, thereby enhancing 
surface hardness and improving the coating erosion resis- 
tance. The hardnesses of the coatings were determined by 
microhardness measurements using the Vickers method with 
a LEICA VMHT MOT hardness tester. Erosion testing of 
coated Sanicro 25 was performed for 250 h at 900°C using a 
rotating holder operating at 5 mm.s−1 in a particle bed. Cross-
sectional SEM analysis was performed to determine possible 
wear of the coating layer.

Wear simulation of particle–tube interactions
Long-term material degradation can be determined using 
computational wear simulations based on the discrete element 
method (DEM),17 and is implemented via the open-source 
software LIGGGHTS.18 The model was adapted to simulate 
a particle–tube interaction environment within a representa-
tive heat exchanger geometry consisting of five staggered 
tube rows. Boundary conditions were applied such that par-
ticle inflow and outflow occurred in the vertical direction by 
gravity, while periodic boundary conditions were imposed 

Table I.   Material properties used in the particle/s-CO2 heat 
exchanger tube bundle wear simulations.

Density 
(kg/m3)

Young’s 
Modulus 

(GPa)

Poisson’s 
Ratio

Yield 
Strength 
(MPa)

Particles 3500 319 0.20 –
Heat exchanger 

tube
7800 200 0.29 450

Figure 2.   Tensile parameters (yield stress [MPa], ultimate tensile strength [UTS, MPa] and elongation [%]) obtained between room temperature 
and 760°C/900ºC on state-of-the-art materials.
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on the remaining axes. Particle trajectories were tracked 
using Lagrangian mechanics, and the Finnie wear model was 
employed to estimate material removal. The number of parti-
cles entering the system was scaled to a representative particle 
mass flow rate per inlet area, assuming a particle diameter of 
1 mm. Material properties of the particles and heat exchanger 
tube structural materials used in the simulation are listed in 
Table I.

Results
Characterization and mechanical testing 
of state‑of‑the‑art materials
Tensile tests from room temperature (RT) to 900°C revealed 
distinct trends among the investigated materials (Figure 2). 
Up to 760°C Inconel 740 (IN740) exhibited the highest yield 
stress across the entire temperature range, while Haynes 282 
and Inconel 617 (IN617) demonstrated superior ductility, as 
indicated by their greater elongation to failure. Below 600°C, 
the ferric steel P92 provided the best balance of strength and 
ductility, reflected in its balanced tensile stress-to-elongation 
ratio. The results are consistent with the mechanical stability 
expected for these materials at high temperatures.

At ultrahigh temperature (≥800°C), IN740 maintained 
a high yield stress and ductility compared to Haynes 282. 

Nonetheless, both alloys exhibit notable strength degradation 
above 850°C. At 900°C, Haynes 282 marginally outperformed 
IN740 in terms of tensile stress. This temperature-depending 
decline underscores the operational temperature limits of 
nickel-based superalloys in extreme CST environments. Over-
all, these results indicate that Haynes 282 is more suitable for 
applications approaching 900°C, whereas IN740 offers robust 
performance at intermediate temperatures.

Cr‑NiAl bcc superalloys: Developments and challenges
A fundamental study on the Cr-Ni–Al ternary system was con-
ducted, focusing on the solubility behavior of the B2 phase 
(NiAl) within the A2-Cr. Figure  3a–b shows the ternary 
phase diagrams at 1400 and 1200°C. They demonstrated that 
Cr-Ni–Al systems at the chromium-rich corner can be solution 
heat-treated at a high temperature (such as 1400°C) and aged 
heat-treated at lower temperatures. Figure 3c presents a typical 
Cr-NiAl superalloy microstructure achieved after homogeni-
zation and aged at 1200°C for 4 h. The spherical precipitates 
are B2-NiAl embedded in a Cr matrix with trace Ni and Al. It 
results in a high microhardness of ~570 HV0.5, significantly 
improved compared to the pure Cr of  ~180 HV0.5.

In this work, a key issue of the Cr-NiAl bcc-superalloy 
is identified: the limited solubility of NiAl within Cr. As 

a b

c

Figure 3.   Cr-Ni–Al ternary phase diagram displayed at (a) 1400 and (b) 1200°C with higher magnification insets of the chromium-rich corner 
highlighting the narrow single-phase region that shrinks significantly with reducing temperature. Calculated using the TCHEA-8 database in 
Thermocalc. (c) Scanning electron microscopy micrograph showing the microstructure of the Cr-5Ni-5Al (atomic percent) alloy after homogeni-
zation at 1400°C for 20 h and aging at 1200°C for 4 h, creating a β-β′ microstructure.
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shown in Figure 4, the alloy with an addition of 5Ni and 5Al 
(atomic percent) could not be homogenized at 1400°C. How-
ever, alloying with Fe was found to increase solubility. This 
was epitomized by the fact that compared to the ternary sys-
tems (Cr-5Ni-5Al and Cr-10Ni-10Al) that produced dendritic 
NiAl upon heat treatment at 1400°C for 20 h, additions of 10 
and 20 at.% Fe respectively alleviated the dendritic NiAl at 
1400°C allowing a fully homogeneous microstructure to be 

achieved. This is seen as a crucial requirement for the design 
of bcc-superalloys to allow controlled and uniform precipitate 
growth. Cr-based alloys exhibit an ultralow matrix-precipitate 
lattice misfit (~0.1%), leading to a coherent matrix–precipitate 
interface and explaining the spherical morphology of precipi-
tates.19 The coarsening of these precipitates was studied using 
a new machine learning (ML)-based image analysis method 
to accelerate microstructure investigation, namely precipitate 

a

b

Figure 4.   Scanning electron microscopy micrograph showing the microstructure of Fe-free and Fe-contained Cr-NiAl  body-centered-
cubic superalloys (a) after homogenization at 1400°C for 20 h and (b) aging at 1000°C for 20 h. Inset figures showing magnified microstructure.

a b

Figure 5.   Precipitation simulations for Cr-based body-centered-cubic superalloy (Cr-5Ni-5Al-20Fe), showing (a) the precipitate particle 
size distribution after 4, 20, and 100 h. The average particle size was fitted to experimentally acquired average particle size, and  
(b) evolution of average properties during precipitate coarsening.  Adapted with permission from Reference 21. © 2023.
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size measurements,20 and showed coarsening rates as low as 
~102 nm3/h at 1000°C—orders of magnitude below conven-
tional superalloys.

To complement the experimental findings, a precipitation-
kinetics model was developed and applied to the Cr-5Ni-5Al-
20Fe alloy using Thermo-Calc’s Precipitation Module, shown 
in Figure 5. The model was calibrated against experimental 
coarsening data19 to determine the matrix–precipitate interface 
energy. A low interfacial energy of 0.02 J.m−2 at 1200°C was 
obtained for bcc A2-B2 phases, indicating a relatively low 
coarsening rate and thus microstructural stability of the alloy 
at elevated temperatures. The simulations predict the time-
dependent evolution of precipitate size, volume fraction, and 
composition, offering a valuable tool for guiding alloy design 
and heat treatment strategies.

Cr‑Si‑(Fe/Ni) alloys: Advantages and challenges
The effect of Ni and Fe additions on the microstructure and 
mechanical properties of Cr-Si alloys was systematically 
investigated. These alloys inherently combine exceptional 
high-temperature strength, erosion resistance, and phase 
stability, making them promising candidates for harsh thermal 
environments. The addition of Fe (≤16 at.%) was found to 
enhance solid-solution hardening, resulting in an approximate 
35% increase in microhardness. Ni additions (≤32 at.%) led to 
the formation of the σ-phase (Cr13N15S12), achieving a peak 
hardness of 1080 HV0.3.

However, brittleness remains a critical limitation of these 
alloys despite maintaining sufficient Si content to stabilize 
protective barriers. Fe-modified alloys show ductile-to-brittle 
transition temperatures (DBTTs) in the range of 600–700°C, 
while Ni-containing variants show even higher DBTTs, 
exceeding 700°C. The embrittlement in Ni-containing 
alloys is primarily attributed to the formation of the σ-phase. 
Additionally, excessive Ni contents promote the formation of 
soft, face-centered- cubic Ni-rich precipitates, reducing the 
overall hardness.

Achieving an optimal balance between silicide volume 
fraction and matrix ductility is therefore a key objective for 
future alloy design. While the high DBTTs restrict the use of 
Cr-Si-Fe/Ni alloys as bulk materials, their hardness and envi-
ronmental durability make them highly promising as erosion-
resistant coatings for conventional Fe/Ni substrates.

Novel Cr‑Si slurry coatings for aggressive 
environments
The innovative slurry coating technique that produces a 
50–150-µm-thick diffusion layer enriched with Cr and Si was 
successfully applied to Fe-based and Ni-based alloys. Long 
duration (quasi-)isothermal oxidation exposures at 900°C 
for 1000 h in laboratory air, particularly relevant to the outer 
surface of the heat exchanger tubes, showed a superior oxi-
dation resistance for Cr-Si slurry-coated nickel-based super-
alloys compared to their uncoated counterparts as published 
and analyzed in detail in Reference 15. In particular, Inconel 

740H and Rene 80 exhibited increasing detrimental internal 
oxidation of Al beneath an external Cr2O3 scale over time, 
the coated specimens formed an additional Si-rich subscale 
due to the incorporation of Si into the diffusion layer. This 
Si-enriched subscale acts as an effective diffusion barrier and 
prevents internal corrosion products from occurring and low-
ers the mass gain compared to the uncoated alloy.15

In the present work, the erosion resistance of the Cr/Si 
slurry coatings is presented. Here, the influence of flowing 
heat carrier particles on the coating performance is investi-
gated, complementing the previously reported oxidation-
focused studies. Microhardness (HV 25) measurement results 
are presented in Table II. Due to the incorporation of Si and 
the precipitation of Si-rich intermetallics (e.g., Cr13Ni5Si3 in 
Inconel 740H)15 the Cr-Si slurry coatings exhibited hardness 
increases of approximately 50% for P92, more than 150% for 
Inconel 617b, and almost 400% for Sanicro 25, all measured 
after the respective heat treatment process of the coating. The 
pronounced increase in hardness is expected to contribute ben-
eficially to the erosion resistance required in the targeted heat 
exchanger environment.

Erosion testing of Cr-Si coated Sanicro 25 for 250 h at 
900°C in a sample holder rotating in a particle bed at 5 mm.
s−1 showed excellent erosion resistance of the Cr-Si diffu-
sion coating (Figure 6). After exposure, the formed Cr2O3 
scale remained intact and was not eroded by the flowing par-
ticles, exhibiting only a few minor surface cracks (Figure 6b). 
Instead, particle wear product was observed to deposit on the 
oxide scale, as evidenced by aluminum and oxygen elemental 
maps (Figure 6c). This deposition indicated the high adherence 
of the chromia scale to the substrate and the high hardness of 
the interdiffusion zone. The combination of oxidation stabil-
ity, mechanical robustness, and scalability,makes this Cr-Si 
slurry coating process a promising and sustainable surface 
protection strategy for extend component lifespans in extreme 
environments, especially those located on the exterior surfaces 
of a particle/s-CO2 heat exchanger for next-generation CST 
systems.

Cylindrical specimens of Haynes 282 and P92, both coated 
and uncoated, were tested in a rotating multisampling holder 
at 700°C surrounded by “FerOx” particles, developed in the 
project COMPASsCO2, as the erosive medium. Two rotation 
velocities were applied (5 and 20 mm/s), and the samples were 
mounted in a tubular geometry allowing exposure of four cir-
cumferential positions: front (direct particle impact), backside, 

Table II.   Comparison of hardness values for Cr-Si slurry coatings 
and base alloys: Sanicro 25, Inconel 617b, and P92 (all values in 

HV 25 and measured after the individual coating heat  
treatment process).

Sanicro 25 Inconel 
617b

P92

Base alloy (HV 25) 179 ± 53 404 ± 26 370 ± 13
Cr-Si slurry coated (HV 25) 884 ± 63 1149 ± 112 552 ± 39



HIGH PERFORMANCE MATERIALS FOR PARTICLES AND SUPERCRITICAL CO2 HEAT EXCHANGERS

MRS BULLETIN •  VOLUME 51 •  APRIL 2026 •  mrs.org/bulletin               7

a

b

c

Figure 6.   (a) Optical image of Cr-Si-coated Sanicro 25 after erosion testing for 250 h in laboratory air at 900°C using FerOx 16/30 granu-
late and rotation at 5 mm.s−1. (b) Scanning electron microscopy (SEM) imaging of the cross section. (c) SEM/EDS elemental maps of the 
cross section. BSE, backscattered electron; EDS, energy-dispersive x-ray spectroscopy.

a b

Figure 7.   Effect of particle velocity on the erosion tests of Haynes 282 at 700°C. (a) Weight gain measurements of uncoated and coated sam-
ples. (b) Optical microscope images of the surface appearance at different times of the coated Haynes 282.
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and two lateral sides. This configuration enabled systematic 
study of particle impact angle and erosion morphology. Coated 
Haynes 282 demonstrated a good erosion resistance, main-
taining coating integrity throughout testing (Figure 7). While 
particles deposition occurred on both coated and uncoated sur-
faces, the extent of deposition was influenced by the particle 
velocity and exposure time.

Cross-sectional SEM examinations indicate that the coat-
ing layers remain intact after testing, showing no signs of 
erosion degradation (Figure 8). Instead, particle deposits 
accumulated preferentially on the external lateral sides, 
where impact frequency and kinetic energy were highest. 
The outer deposits consisted primarily of Fe, O, Al, Si, and 
Zr. The shape of the deposits on the most exposed sides 
demonstrated that the impact of particles produced a char-
acteristic wave-like morphology, indicative of wear/erosion 
degradation. This morphology has not been observed on the 
backside, where direct impact was minimal. Importantly, 
no delamination or cracking of the coating was observed 
beneath the deposits, confirming its excellent adhesion and 
erosion resistance. Si and Cr diffusion is also determined in 
the Haynes 282 base metal. Therefore, the beneficial effect 
of the coating on Haynes 282 was demonstrated by the low-
est weight gain, which is consistent with the lower particle 
deposition and no oxide growth.

Experimentally calibrated computational wear 
prediction framework
A computational wear-prediction framework was developed, 
illustrated in Figure 9, to simulate particles-induced erosion 

within a representative CST heat exchanger geometry and to 
extrapolate wear behavior over extended operational times. 
The DEM model tracked particle flow and collision dynamics 
over a total physical time of 13.5 s. Following key measures, 
such as velocity distributions and local wear rate, the simula-
tion reached a representative “steady-state” flow condition 
after approximately 10 s in the simulated heat exchanger. 
Beyond this point, both the wear volume and particle velocity 
distributions increased linearly with time, while fluctuations 
are visible due to stochastic particle impacts. The wear tends 
to accumulate to the upper diagonal regions of each tube 
rather than at the tube top center (zenith) position, as seen 
in Figure 9a. The average wear rate of each tube, shown in 
Figure 9b, exhibits nearly identical temporal behavior across 
the tube rows. The observed vertical offsets in the curves 
correspond to the delayed arrival of particles at lower tubes. 
The linearized average wear rate (Figure 9c) was estimated 
to be approximately 0.520 g.m−2 per year, which is used to 
calibrate the wear fit, shown in Figure 9d. Finally, the wear 
depth is predicted up to 10 years (Figure 9e).

Discussion
The development of Cr-based bcc superalloys strengthened 
by NiAl intermetallic precipitates represents a promising 
route toward next-generation high-temperature materials 
for CST applications. Within the COMPASsCO2 project, 
the addition of Fe into Cr-NiAl alloys has been identified 
as a solution to increase the solubility of NiAl in the Cr 
matrix. This can improve the volume fraction of the pre-
cipitates, leading to potential benefits of high-temperature 

Figure 8.   Scanning electron microscopy/EDX cross section of coated Haynes 282 specimen tested at 20 mm/s during 1000 h (top) at 
the different sides of the tubular specimen and (bottom) EDX analyses of the deposit, coating and base material in the lateral right side 
of the specimen.
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strength and creep resistance. The Cr(Fe)-NiAl system 
demonstrated a stable microstructure at high tempera-
tures, similarly as in other bcc superalloys.22 These fea-
tures mark a significant advancement beyond conventional 
Ni-based alloys. Moreover, the ultralow matrix-precipitate 
lattice misfit (~0.1%) promotes coherent precipitation of 
nanoscale NiAl, which contributes to the observed mechan-
ical stability. However, the ductility issue of these alloys 
should be addressed.

However, several challenges remain that currently pre-
clude direct industrial application. Notably, the brittleness 
of these alloys below 450°C limits their thermal cycling 
resilience, which is critical for realistic CST operation. In 
addition, the long-term oxidation and corrosion behavior 
in both air and supercritical CO2 environments is not yet 
fully characterized. Previous studies (e.g., by Locq et al.8 ) 
revealed internal oxidation under cyclic conditions in high 
NiAl volume fraction systems. In contrast, the present sys-
tem features a lower volume fraction of NiAl and the addi-
tion of Fe, which could mitigate such effects. These alloys 
are expected to show improved oxidation resistance over 
pure Cr. However, it remains under investigation if these 

modifications enable the formation of protective alumina or 
chromia scales under CST-relevant conditions.

Ongoing work is underway to assess the performance of 
this novel material class under high-temperature exposure in 
both synthetic air and CO2 environments. Current work aims 
to establish this understanding and provide a platform for 
future development of Cr-based bcc superalloys. In terms of 
CO2 exposure, to the authors knowledge, no investigations 
have focused on the exposure on Cr strengthened by NiAl pre-
cipitates. Collaborative work initiated in the COMPASsCO2 
framework will seek to investigate and provide better under-
standing of the performance of Cr-based alloys under CO2 and 
other environments.

Beyond their application as protective coatings for CST, Cr-
based coatings are particularly advantageous in high-temperature 
corrosion environments, such as those found in gas turbines. 
Therefore, the resistance of a novel Cr-Si slurry coating applied 
to Rene 80 against sodium sulphate (Na2SO4)-induced corro-
sion at 900°C was investigated.16 Compared to the uncoated 
base alloy and a Cr coating applied via the pack cementation 
process, the Cr-Si slurry coating demonstrated significantly 
superior hot corrosion resistance. These results highlight its 

a b

c d e

Figure 9.   Overview of the computational concentrated solar thermal (CST) heat exchanger wear simulation framework, consisting of  
(a) discrete element method (DEM-based particle/tube bundle simulations, (b) average wear volume for each tube row, (c) wear over 
time with linear extrapolation, (d) calibration to 1000 h wear test, and (e) prediction of wear into the future.
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broad applicability in harsh environments and its high technical 
relevance.

The wear simulation framework developed in the project 
adds an important predictive capability for lifetime estimations 
of heat exchanger components under realistic particle flow 
conditions. By calibrating the model to experimental erosion 
data, it enables extrapolation of material wear over service 
lifetimes of up to 10 years.

Conclusions
This work presents the development, characterization, and 
evaluation of novel Cr-NiAl and Cr-Si-based superalloys, 
as well as Cr-Cr3Si slurry coatings, developed within the 
framework of the H2020 project COMPASsCO2.

The Cr-NiAl systems were found to exhibit a low 
solubility of NiAl within the Cr matrix. However, the 
addition of 10 and 20 at.% Fe enabled the formation of fully 
homogeneous microstructures. These uniform structures 
allow for the controlled precipitation of coherent nanoscale 
NiAl particles with spherical morphology, facilitated by the 
ultralow matrix-precipitate lattice misfit. To support alloy 
development, a new ML-based image analysis method 
was developed, significantly accelerating precipitate size 
measurements and enabling faster alloy optimization.

For Cr-Si alloys, the effect of Ni and Fe additions on 
microstructure and mechanical properties was systematically 
investigated. These alloys exhibit exceptional high-
temperature strength, erosion resistance, and phase 
stability. However, their application as bulk structural 
materials remains limited by high ductile-to-brittle 
transition temperatures. As a solution, Cr-Si-Fe/Ni alloys 
were successfully applied as erosion-resistant coatings on 
conventional Fe/Ni substrates. A novel slurry-based Cr-Si 
diffusion coating process was developed, resulting in higher 
durability with enhanced resistance to oxidation and erosion 
at higher temperatures.

In order to estimate the long-term material performance, 
a wear simulation model based on the DEM was developed 
and experimentally calibrated using erosion-test data. This 
model was used to predict the wear behavior of heat-exchanger 
materials under particle-laden flow conditions, predicting 
operational lifetimes of up to 10 years (e.g., for IN740).

The results demonstrate that the novel material systems, 
including advanced Cr-based superalloys and coatings, can 
effectively withstand the harsh thermal, mechanical, and 
chemical environments present in particle/sCO2 heat exchang-
ers. These findings support the feasibility of deploying such 
materials in next-generation CST plants with sCO2 Brayton 
cycles, contributing to more durable and efficient solar thermal 
systems.

Follow-up projects will focus on scaling up production, 
validating cost-effective production of these new materials, 
and investigating broader applications in other high-temper-
ature, corrosive, and erosive industrial environments.
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