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State of the Art materials

» Materials selected on basis of:

High Temperature (<900°C external)
sCQO, corrosive environment

High Pressure (25MPa) sCO,
Erosive ceramic particles

Good Thermal conductivity

» Steels: P92
Sanicro 25

> Nickel: Inconel 740
Inconel 617
Haynes 282

»Novel Chromium alloys

Tom Blackburn, PhD Student UoB Stakeholders Meeting September 2023

Material candidates for solar sCO-
Brayton cycles

Deliverable Number 1.3

WP1 “Materials operation conditions and their feasibility
studies”

Date: January, 2021
Deliverable type: Report
Dissemination level: Confidential

Lead participant: DECHEMA-Forschungsinstitut
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State of the art materials: Mechanical Properties (Tensile Tests)
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Small Punch Testing of State of the Art materials
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SP (3mm) vs. SP (8mm) NI
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» IN740: higher yield stress
0g 2 » H282 and IN617 show more ductility
» Similar correlations observed in 3 mmd and 8 mmd
> Initial investigation of Cr alloys
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Approach 1

Chromium BCC Superalloy

‘ Cr (A2) strengthened by
ordered bcc precipitates
Ti-TiFe (A2-B2)2  Fe-NiAl (A2-B2)3

Why Chromium?
Strengths Challenges
+ High Melting Point - Mechanical properties at HT
+ Oxidation Resistant <900°C - Creep resistance
+ Good Thermal Conductivity - DBTT > RT
S _ Approach 2
+ Cheaper than other metals - Oxidation Resistance >900°C : Cr (A2) strengthened by A15
used f‘?r high temperatures KNitride Embrittlement Y precipitates
\(e.g. Ni) ) __ o ; ;
0 Si|@
. ‘Cr

Temperature in °C

bce Cr, A15 Cr,Si
[A. S. Ulrich, PhD Thesis, University of Bayreuth, 2020]

IA. Knowles et al. / Applied Materials Today 23 (2021) 101014
2A. Knowles et al. / Scripta Materialia 140 (2017) 71-75
3Z. K. Teng et al. / Scripta Materialia 63 (2010) 61-64

[Cr-Si Phase diagram of the Cr-Si system revised by Oka]
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Approach 1: Chromium BCC Superalloy

Why Chromium?

Strengths

+ High Melting Point

+ Cheaper than other
refractory metals (e.g. Ni)

+ Oxidation Resistant <900°C
+ Good Thermal Conductivity

Challenges

- Mechanical properties at HT
- DBTT > RT

- Oxidation Resistance >900°C
- Nitride Embrittlement

e

J

Cr A2 bcc matrix

® Cr ® Al

B2 precipitates

Tom Blackburn, PhD Student UoB

Stakeholders Meeting September 2023

UNIVERSITYOF
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FCC-FCC
Y-y’
Ni-NisAl
Al_le K. Park, P. Withey, Crystals 12 (2022)
BCC-BCC
W-TiFe (A2-B2)! Ti-TiFe (A2-B2)?2 Fe-NiAl (A2-B2)3

1A, Knowles et al. / Applied Materials Today 23 (2021) 101014
2A. Knowles et al. / Scripta Materialia 140 (2017) 71-75
37. K. Teng et al. / Scripta Materialia 63 (2010) 61-64
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Phase Diagram BIRMINGHAM
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K. Ma, T. Blackburn, J.P. Magnussen, M. Kerbstadt, P.A. Ferreiros, T.
Pinomaa, C. Hofer, D.G. Hopkinson, S.J. Day, P.A.J. Bagot, M.P. Moody,
M.C. Galetz, A.J. Knowles, Acta Materialia 257 (2023) 119183.
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Microstructure Cr-5Ni-5Al and Cr-5Ni-5AI-10Fe [1]

1000 °C 1200 °C
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[1] K. Ma, T. Blackburn, J.P. Magnussen, M. Kerbstadt, P.A. Ferreirds, T. Pinomaa, C. Hofer, D.G. Hopkinson,

S.J. Day, P.A.J. Bagot, M.P. Moody, M.C. Galetz, A.J. Knowles, Acta Materialia 257 (2023) 119183.
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UNIVERSITYOF
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™ RovAL SOCIETY
OF CHEMISTRY
PCCP -

PAPER \{iew Articl.e Online

View Journal | View Issue

(M) Check for updates | Accurate identification and measurement of the
precipitate area by two-stage deep neural

Cite this: Phys. Chem. Chem. Phys., . .

2023, 25, 15970 networks in novel chromium-based alloys¥

Zeyu Xia, @ 2 Kan Ma, ¢ Sibo Cheng, & *® Thomas Blackburn, {2 € Ziling Peng,®
Kewei Zhu,® Weihang Zhang,® Dunhui Xiao,” Alexander J Knowles® and
Rossella Arcucci
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Cr-5Ni-5Al

Cr-5Ni-5AIl-10Fe

[1] K. Ma, T. Blackburn, J.P. Magnussen, M. Kerbstadt, P.A. Ferreirds, T. Pinomaa, C. Hofer, D.G. Hopkinson,
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S.J. Day, P.A.J. Bagot, M.P. Moody, M.C. Galetz, A.J. Knowles, Acta Materialia 257 (2023) 119183.
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Coarsening rate (nm?3/h)
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Ferritic bcc-superally
| 4

x X

/ Ni fcc-superalloys

Cr alloys (this work)
Co fcc-superalloys @ Cr-5Ni-5Al
-l- Cr-5Ni-5AI-10Fe

Ferritic alloys
-@- Fe-8Ni-27Al
-Jl- Fe-9Ni-13Al-10C
—A— Fe-12AI-9V-3Ti
~V— Fe-12Ni-12Al
-3¢ Fe-3Ni-10Al

Co-based
-~ Co-6AlI-6W-7Ti-B
-~ Co-10Al-10W

Ni-based

-@- IN939

-l- CMSX-2

—A— Ni-9Co-10Cr
—V- Ni-20Co-15Cr
=%~ Ni-20Co-25Cr

Cr bcc-superalloys

i
x
700 800 900

1000 1100 1200

Temperature (°C)

Lower coarsening rate than Ferritic, Nickel and
Cobalt superalloys
2 orders of magnitude lower rate at 1000°C over
Ni superalloys
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Yield Stress

Compressive Yield Stress Vs Temperature
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=9 UNIVERSITYOF
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FORSCHUNGSINSTITUT

* No significant drop off in strength
e Higher strength over Ni superalloys at
1000°C

Acta Materialia
Volume 257, 15 September 2023, 119183

-

ELSEVIER

Full length article

Chromium-based bcc-superalloys
strengthened by iron supplements

Kan Ma 9 Thomas Blackburn 9 Johan P. Magnussen ¢, Michael Kerbstadt P, Pedro A. Ferreirés @ €,

Tatu Pinomaa €, Christina Hofer 9, David G. Hopkinson &, Sarah J. Day ¢, Paul A ]. Bagot 9,

Michael P. Moody 9, Mathias C. Galetz ®, Alexander ). Knowles @ 0, =

This work has been published:

K. Ma, T. Blackburn, J.P. Magnussen, M. Kerbstadt, P.A.
Ferreirds, T. Pinomaa, C. Hofer, D.G. Hopkinson, S.J. Day,
P.A. Bagot, Acta Materialia, 257, 2023, 119183.
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Approach 2: Cr-Cr,Si [ DECHEMA

FORSCHUNGSINSTITUT

»Approach: Cr-based materials alloyed by silicon

»Cr,05 scale for oxidation/carburization resistance, precipitation of hard
intermetallic silicides for erosion resistance

Cr, + Cr3Si

(r-Si | |
HEs ' I ‘ cr
("

|

2000 A | ﬂ !
= 200 [———NN < —t |
o W oSy | N |
2 1800 Pl —— ‘
é“:‘ / w7 K \‘,_ N |}
™ 1600 oo \l o

35 ,.'I:(l{.f .\( J (£ | a‘—‘%
1400 ! ! | { | Mo 5He | |
| S~ .
- | | bcc Cr, A15 Cr,Si
ET 0 2 TR 60 TR VR R
&%
[Cr-Si Phase diagram of the Cr-Si system revised by Oka] [A. S. Ulrich, PhD Thesis, University of Bayreuth, 2020]

» Two phase microstructure: toughening bcc Cr + strengthening A15 Cr3Si
precipitates

Tom Blackburn, PhD Student UoB Stakeholders Meeting September 2023 17 com ansCOa



Material Selection for HEX Tubes: Cr .-Cr;Si System m BREC&EENMTﬁ

»Heat treatment 100 h @ 1200°C.: diffusion controlled precipitation of Cr;Si-phase

A15 Cr5Si

"[2]

>
T 300
2004 K|
Sanicro 25 Inconel 740 C‘I’Sis
As cast: oversaturated CrggSig: Two-phase HV of CrgySig compared to Fracture pattern after
single phase Crgg microstructure Crgs + A15 conventional materials* compression test @ 700°C
Cr Sl [1] https://www.materials.sandvik.com, January 2022
3 [2] https://www.azom.com, January 2022

»Increased hardness by precipitation hardening - promising for improved

erosion behavior
» Brittleness and manufacturing main challenges - application as coatings

| Source: COMPASsCO2
18 COMPASsCO,
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Process Chart of Cr-Si Slurry Coating

E<C DECHEMA

FORSCHUNGSINSTITUT

*Patent pending

» Newly developed coating process by the slurry technique for applying Cr-Si

diffusion coatings

Slurry with particles
+ binder sprayed on

Heat Treatment |
- Removal of binder

Heat Treatment Il
- Interdiffusion @

Enrichment of the
substrate’s surface

substrate @ 350°Cfor3 h 1150-1200°C for 6 h by Cr-Si
Silicide
= :) = ~ precipitates
il 2 Ni/// /// //////J Diffusion ° 0 -
ooi %lo ' ooio +o I Layer o © 0 o] o
%D o (o] O 3 0 0 0 3
é‘b <+—— Substrate ——»

R. Verma et al., Journal of
Thermal Spray Technology
(2016): 1289-1301

[M.C. Galetz, Coatings for
superalloys (2015): 277-296]

Source: COMPASsCO2

Source: COMPASsCO2

» Enrichment of Cr and Si in surface zone to specifically modify the properties

Tom Blackburn, PhD Student UoB

Stakeholders Meeting September 2023

19 COMPASsCO,



Cr-Si Coatings: Cross-sections

Cr3Si CI’13Ni5Si2

Austenitic steel: Sanicro 25

» Enrichment of Cr and Si in a layer of
CroNi,Si—=—=>1

about 100 uym

> Diffusion layer: high increase of Substratc 1B
hardness compared to substrate

30 pm [ DEcHEMA

o —————

00013272

Cr-Si slurry coating on Sanicro 25

Ni-based alloy: Inconel 740

» Enrichment of Cr and Si in a layer of : a ';, ot e

CeriZSi\; TS S
about 200 um

> Diffusion layer: high increase of R
hardness compared to substrate

00013271

30 pm

Cr-Si slurry coating on Inconel 740

Source: COMPASsCO2

Tom Blackburn, PhD Student UoB Stakeholders Meeting September 2023
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CrsSi L Diffusion
|  CrNisSi:  ayer

/
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T T T T T T T T T
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i Layer
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Distance from surface in ym

Source: COMPASsCO2

20 COMPASsCO,



Presentation Structure

»Material Candidates for the Heat Exchanger
» State of the Art Materials

»Novel Material Candidates

» Chromium Nickel Aluminides

» Coarsening Kinetics
» High Temperature Compression

»Chromium Silicides

» Coating Procedure
» Coating Oxidation Performance

»Conclusions and Future Prospective

Tom Blackburn, PhD Student UoB Stakeholders Meeting September 2023 21 com PQSSCOE



= UNIVERSITYOF
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ML high-throughput screening of BCC Cr-alloys

»VTT have developed a machine learning (ML) tool for screening large
composition spaces rapidly using computational thermodynamics accelerated
to find suitable Cr-based alloys

Ty - Qverview of the ML workflow Clustered screening results
for screening Cr-based alloys Fp

| Adding the New [/
i Data Point to the
| Training Dataset

Model
Training

Querying Next 5
Inputs For the
Simulator
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o
3
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. Simulation
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| Candidate Fulfil the Criteria N e simulated already) Calculation of Metrics € 0%

'L -> Loss 0, ‘ Y | . (VEC, uncertainty, etc.) “
D e a2 \ 4 e GBI < 30%
-“ ,'. 20%
\ —_— v .
Local Optimization P Wi 10

_____________ Generation of New Petat ‘ M potential 0% -
Candidates Around the €™~~~ compositions ' ’ ’ Chuster ' J ’
7 Best Candidates mmm o X
Source: COMPASsCO2 e BCr WAl EFe BN BTI BV EMo mW EMn

Tom Blackburn, PhD Student UoB Stakeholders Meeting September 2023 22 com ansCOa



Conclusions and Perspectives

» State of the art materials identified and mechanically tested

»Cr-NiAl alloys have low coarsening rate & retain high temperature
strength, even outperforming some Ni-superalloys

» Cr-Si pack-cementation slurry coating process proving successful, and
provides a protective oxidation barrier on SOA Fe/Ni alloys

»0ngoing high throughput CALPHAD simulations by VTT, alloys being
produced and tested at UoB

»Room temperature ductility of Cr continues to be addressed

DE HEMA GOBIEANO  MINSTERIO k \@»q‘
m Geselsc StflCh emischeTechnik % S + 7 m&’«m‘-m& C ocas :) -
Biot ogie e.V.
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