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Project 56-L: Thermomechanical Processing 
of Refractory Multi-Principal Element Alloys 
for Ultrahigh Temperature Performance

• Student:  Adira Balzac (Mines)

• Advisor(s): Amy Clarke (Mines)

Project Duration

PhD: September 2021 to May 2025

• Problem: Ni and Co alloys cannot be operated above 1200°C 
without coatings and cooling channels that reduce efficiency. 
RMPEAs can be used at higher temperatures, but 
thermomechanical processing is challenging.

• Objective: Design RMPEAs with higher temperature 
performance and develop understanding of alloy and 
microstructure response to thermomechanical processing above 
1000°C.

• Benefit: Refractory MPEAs that can be operated above 1200°C 
will allow for significant improvements in efficiency.

Metrics

Description % Complete Status

1. Literature review 20% ●

2. Thermodynamic, kinetic, and solid solution strengthening modeling to select RMPEAs 50% ●

3. High temperature thermomechanical processing of selected RMPEAs 0% ●

4. High temperature thermomechanical processing of RMPEAs with higher oxygen and carbon levels 0% ●

5. Characterization of RMPEAs 0% ●

Recent Progress

• Continued coursework

• Gleeble thermomechanical simulator, arc melter training

• Initial Thermo-Calc, kinetic, and solid solution strengthening 

modeling for alloy down-selection

• Identified gaps in literature for alloy selection and modeling

• Submitted abstract to MS&T 

• Selected material for master alloys and began making alloys
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RMPEAs have potential for ultrahigh 
temperature applications

• Jet turbine engines

• Supersonic flight

• Nuclear reactors

Wikimedia
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Limited options for refractory properties

• Current refractory alloys have limited 
operability above 1200 °C

• Limits efficiency and component lifetime [4]

A. J. Clarke et. al. 2021.
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Limited options for refractory properties

• Current refractory alloys have limited 
operability above 1200 °C

• Limits efficiency and component lifetime [4]

A. J. Clarke et. al. 2021.

Todd Helmenstine, sciencenotes.org
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Collaborative research

A. J. Clarke et. al. 2021. 
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Temperature dependence of yield stress 
limits thermomechanical processing window

F.G. Coury, Solid Solution Strengthening Mechanisms in High Entropy Alloys, 2018.
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Predicted strength informs TMP

F.G. Coury, Solid Solution Strengthening 
Mechanisms in High Entropy Alloys, 2018.
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Difficulty in thermomechanical processing

• Presence of intermetallic phases leads 
to brittle failure

A. J. Clarke et. al. 2021.

X-ray radiographs of selected RMPEA buttons 
canned in mild steel after hot rolling at 1000 °C, 
courtesy of ATI
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Difficulty in thermomechanical processing

• Presence of intermetallic phases leads 
to brittle failure

A. J. Clarke et. al. 2021.

X-ray radiographs of selected RMPEA buttons 
canned in mild steel after hot rolling at 1000 °C, 
courtesy of ATI
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Phase stability at elevated temperatures

• Formation of deleterious phases

• Homogenization of microstructure

CrNbTaTi following heat 
treatment at 1400 C for 35 hours

F.G. Coury, Solid Solution Strengthening 
Mechanisms in High Entropy Alloys, 2018.
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WNbTaTi following heat 
treatment at 1400 C for 35 hours

Phase stability at elevated temperatures

• Formation of deleterious phases

• Homogenization of microstructure

F.G. Coury, Solid Solution Strengthening 
Mechanisms in High Entropy Alloys, 2018.
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Limited predictive ability of models

• CALPHAD models limited by experimental data

• Literature focus on equimolar compositions

XRD and BSE of NbTaTiZr following 
annealing for 100 hours

Cao et. al. Journal of Materials Science & Technology (2022).
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Initial ternary alloy selection
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TMP to control microstructures

• Recrystallization
‒ Heterogeneous necklace structure

DRX fraction in NfNbTaTiZr hot 
compressed at 1000 °C and at a rate 
of 10-3 s-1 Eleti et. al. Acta Materialia (2020).

ε=0.06 ε=0.08

ε=0.1 ε=0.3

ε=0.5 ε=0.69
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TMP to control microstructures

• Dynamic recrystallization
‒ Heterogeneous necklace structure

‒ Cryo-rolling and annealing

EBSD of HfNbTaTiZr (a) cryo-rolled to 90% reduction and annealed at (b) 
800 °C, (c) 1000 °C, (d) 1250 °C, (3) 1400 °C for 1 hour

Veeresham, International Journal of Materials and 
Metallurgical Engineering (2021).
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Effects of interstitials on conventional 
refractory alloys

R.W. Buckman, Jr., R.R. Begley, NASA, Report No. NASA SP-245, 1970, pp. 19-37
R.W. Buckman, Jr., JOM, 2000, 53:40-41 

Effect of carbon on as-cast hardness of Ta-W-Hf

Poor forgeability

Good forgeability

Temperature dependence of 
UTS of Ta and Ta alloys

Tensile yield strength and 1% 
creep strength of Ta and Ta 
alloys at 2400 °F (1316 °C)
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Exploring the role of oxygen and carbon on 
RMPEAs

• Interstitial C, O

Courtesy Noah Philips, ATI
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Interstitial effects

• NbTaW0.5(Mo2C)x (x=0-0.25)

Compressive stress-strain curves at (a) 1200 C and (b) 1400 C

Wu et. al., Journal of Alloys and Compounds (2022). 
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Interstitial effects

• NbTaW0.5(Mo2C)x

• Nitrogen doped NbTaTiZr

Tensile stress-strain curves for as-cast (TiZrNbTa)100-xNx

Wang et. al. Materials and Design (2022). Effect of nitrogen content on average as-cast grain size
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Next steps

• Equilibrium phase data
‒ Identify off-equimolar compositions of interest

‒ Develop heat treatment to reach equilibrium state

‒ Characterization of equilibrium structure

‒ NbTaTi, NbTiZr, MoNbV, NbVW, TaTiW, TaVW

• Identify quaternary compositions of interest
‒ TC-EARS and CALPHAD modeling

• Initial characterization and thermomechanical processing
‒ Arc melting to produce buttons

‒ Gleeble thermomechanical simulations

‒ SEM, TEM, XRD
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Gantt Chart
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Challenges & Opportunities

• Making material
‒ Melting compositions containing W difficult due to high melting temperature

• Studying equilibrium structures
‒ Long times and high temperatures needed

‒ Stability of as-cast microstructure

• Thermomechanical processing
‒ Gleeble

• Characterization
‒ SEM, TEM, and XRD

Thank you!
Adira Balzac

abalzac@mines.edu
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