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• Student:  Sean Mills (Mines)

• Advisor(s): Aaron Stebner (Mines)

Project Duration

PhD: August 2015 to August 2019

Problem: Ni-Ti alloys experience high residual stress due 

to rapid quenching processes.  The result is cracking and 

machining distortion.  Not quenching leads to low hardness.

Objective: Elucidate the effect of Hf ternary alloying on

metallurgy and bearing element performances.

Benefit: Hf-alloying could lead to reduction in residual 

stress by eliminating the need for rapid cooling while 

retaining high strength and hardness levels of quenched 

binary Ni-Ti.

Metrics

Description % Complete Status

1. Residual stress and hardness testing on Ni55Ti45 & Ni54Ti45Hf1 (NASA) 80% ●

2. Literature review 80% ●

3. Rolling contact fatigue characterization of Ni54Ti45Hf1 alloy 70% ●

4. Time/Temperature/Transformation of Ni54Ti45Hf1 alloy 30% ●

5. Alloy optimization – vary nickel and hafnium contents by 1-8 at% 20% ●

Recent Progress

• Rolling contact fatigue (RCF) tests on Ni54Ti45Hf1
and Ni54Ti43Hf3 alloy specimens

• TEM characterization of microstructure evolution in 

56at.% Ni alloys

• Continued Time/Temperature/Transformation (TTT) 

research

Project 17: Characterization of Microstructure 

Evolution in Nickel-Titanium-Hafnium Intermetallics



3

Center Proprietary – Terms of CANFSA 

Membership Agreement Apply

Industrial Relevance

<www.asminternational.org/web/smst/news/industry/results/-/journal_content/56/10180/26098479/NEWS>

C. DellaCorte, M. K. Stanford, R. A. Manco, and F. Thomas, 
“Design Considerations for Resilient Rolling Element Bearings 
Made From Low Modulus Superelastic Materials,” in 
ASME/STLE 2011 International Joint Tribology Conference, 
2011, pp. 223–224.

http://www.asminternational.org/web/smst/news/industry/results/-/journal_content/56/10180/26098479/NEWS


4

Center Proprietary – Terms of CANFSA 

Membership Agreement Apply

Overview

Results
Rolling contact fatigue (RCF) 
testing

TEM microstructure analysis

Conclusions
Optimized microstructure for 

best tribology properties.

 Introduction
Why do we want to optimize 
Ni-Ti-Hf for space age 
bearings?
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Dellacorte et al. 
NASA/TM 2012

Warm, wet acidic 
solution 

environment

Rotating 
Centrifuge 

Bearing

ISS Distillation 
Cross-Section

Application: Water recycling system 

on International Space Station
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NASA John H. Glenn 

Research Center at Lewis Field

440C M50 440C M50

Cobalt doesn’t corrode.

Low damage tolerance.

Steel corrodes.

Medium damage 

tolerance.

NiTi doesn’t corrode.

High damage tolerance.

Cobalt
22 lbs. 112 lbs. 331 lbs. 1214 lbs. 331 lbs. 1102 lbs. 3327 lbs.

Dent Resistance Load Capacity

½” diameter ball pressed into plate

Race Material

Ball Material

Si3N4 Balls Ni55Ti45 Balls

*Primary damage during 

rocket take-off

Ni
55

Ti
45

Ni
55

Ti
45

Nickel-rich Ni-Ti alloys show 

superior damage resistance



7

Center Proprietary – Terms of CANFSA 

Membership Agreement Apply

Compression

Ni54Ti45Hf1 in compression

Casalena et al. Advanced Engineering Materials 2017

55at% NiTi in compression

Benafan et al. Intermetallics 2017

𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 25
𝐽

𝑚3
𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 45

𝐽

𝑚3

Nearly 2x improvement in damage impact resistance!

Ni-Ti-Hf alloys show higher toughness 

exhibit large superelasticity
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Ni-Ti has better corrosion resistance than 

steel, but susceptible to untimely failures

High Performance Steel
(Low Corrosion Resistance)

Water Quenched 

NiTi 

Residual stresses lead to fracture 

post-machining

Small Hf substitution can lower solvus temp 
➔ reduction of residual stress

Hf atoms substitute Ti atoms 
➔ slow kinetics while 

retaining hardness!

Ni55Ti45 

(High Corrosion Resistance)

1 year of use in salt water
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Optimized design space of Ni-Ti-Hf alloys

Shape Memory Actuation Superelastic Ultra-hard Bearing

Ni54Ti45Hf1

Ni50.3Ti46.7Hf3

H
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%

)

Nickel Content (at.%)

Ni50.3Ti41.7Hf8
Ni56Ti46Hf8

Ni56Ti41Hf3

RCF testing

Ni54Ti43Hf3

Ni55Ti45
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Rolling contact fatigue testing of 

Ni55Ti45, Ni54Ti45Hf1 and Ni54Ti43Hf3
Test rig

Spring loaded test head

Ball bearing
retainer

Three ball-on-rod RCF test configuration

Steel

NiTiHf

Applied 
Force

(Q)
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Ni54Ti45Hf1 900ºCAC+400ºC Age
1 runout and 1 failed prior to 800hrs 

runout time at 1.9 GPa

Ni54Ti45Hf1 900ºCWQ+400ºC Age
2 run outs at 1.9 GPa

Ni55Ti45 900ºCWQ+400ºC Age

2 runouts at 1.9 GPa

Previous Work
Ni54Ti45Hf1 1000ºCAC+400ºC Age

Failures ranging from 107 – 108

cycles at 2.0 GPa

11/17

1/18

Ni54Ti42Hf3 alloy

1000ºCWQ+ 300ºC(12hrs)AC

3 runouts at 1.9GPa

2 runouts at 2.0GPa

1 failed specimen at 2.0GPa

Current Work

2/18

2/18

Runout specimen

Failed specimen

RCF Tests: Composition and secondary 

processing  better performance
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Used Ni-Ti-Hf test rod

Grain refinement shows no significant 

reduction of grain size at edge of spall
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Grain refinement shows no significant 

reduction of grain size at edge of spall
Center of the rod 

B. Aminahmadi, unpublished

Edge of the rod
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Fast fracture facets on edge of spall

10µm 5µm100µm

Rolling Direction
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Optimized design space of Ni-Ti-Hf alloys

Shape Memory Actuation Superelastic Ultra-hard Bearing

Ni54Ti45Hf1

Ni50.3Ti46.7Hf3

H
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)

Nickel Content (at.%)

Ni50.3Ti41.7Hf8
Ni56Ti46Hf8

Ni56Ti41Hf3Ni54Ti43Hf3

Ni55Ti45

TEM investigation
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More Hafnium rich compositions 

showed higher hardness

56at.%Ni, 8at.%Hf

56at.%Ni, 3at.%Hf

50at.%Ni, 3at.%Hf

50at.%Ni, 8at.%Hf

AC WQ AC +
300C

WQ +
300C

400C
(30)

400C
(90)

400C
(240)

550C
(30)

550C
(90)

550C
(240)

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
550C 
(240)

Microscopy focus on Ni56Ti41Hf3 and Ni56Ti36Hf8. 
Pre-aged specimens have higher hardness than non-pre-aged specimens.

800 HV

400 HV

500 HV

600 HV

700 HV
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More Hafnium rich compositions 

showed higher hardness

56at.%Ni, 8at.%Hf

56at.%Ni, 3at.%Hf

50at.%Ni, 3at.%Hf

50at.%Ni, 8at.%Hf

AC WQ AC +
300C

WQ +
300C

400C
(30)

400C
(90)

400C
(240)

550C
(30)

550C
(90)

550C
(240)

800 HV

400 HV

500 HV

600 HV

700 HV

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
300C +

WQ +
550C 
(240)

Microscopy focus on Ni56Ti41Hf3 and Ni56Ti36Hf8. 
Pre-aged specimens have higher hardness than non-pre-aged specimens.
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EDS of light vs. dark regions in 

Ni56Ti41Hf3 SHTWQ

100 nm

10

9

1
14

7
8

4

2

1312

115

6

3
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Ni56Ti41Hf3 SHTWQ + 300(12hrs)AC

200 nm
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Ni56Ti41Hf3 SHTWQ + 300(12hrs)AC

200 nmCoarsening of Ni4Ti3. Not a significant change in microstructure compared 
to SHTWQ condition.
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Ni56Ti41Hf3 SHTWQ + 300(12hrs)AC
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Ni56Ti41Hf3 SHTWQ + 300(12hrs)AC
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709 HV

Ni56Ti41Hf3 SHTWQ + 300(12hrs)AC + 550(1.5hrs)AC

Low Hf with pre-age shows blocky Ni4Ti3 structure and H-phase

HAADF HAADF + EDS

500nm500nm

ത111 𝐵2

101

110

01ത1

Dark field of Ni4Ti3 Bright field SAED

500nm500nm

H-phase

Ni4Ti3
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Ni56Ti41Hf3 SHTWQ + 550(4hrs)AC
Lower Hf without pre-age shows blocky Ni4Ti3

SAED Bright Field

60º

60º

Ni4Ti3 super-reflections fall under

ത111 𝐵2

1

7
< 321 >

101

110

01ത1

682 HV

500nm
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769 HV

Ni56Ti36Hf8 SHTWQ+ 300(12hrs)AC + 550(4hrs)AC
Higher Hf with pre-aged condition shows fine Ni4Ti3 and H-phase

001 𝐵210nm 500nm

Ni4Ti3

001 𝐵2 10nm20nm20nm

H-phase

B2
Ni4Ti3
H-phase
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Ni56Ti36Hf8 SHTWQ+ 550(4hrs)AC

Higher Hf without pre-age shows fine H-phase

Sparse formation 
of large Ni4Ti3-xHfx

500nm 5nm

STEM

ത111 𝑅

700 HV

100nm

H-phase diffraction spots fall 
under  

ത111 𝐵2

1

3
< 110 >

SAEDBright field
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Large precipitate corresponds to 
Ni4Ti3 composition.

Ni56Ti36Hf8 SHTWQ + 300(12hrs)+550(4hrs)

1 2

3

45 6
7

8

9
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Ni56Ti41Hf3 Ni56Ti36Hf8

Without 300C (12hrs)

With 300C (12hrs)

Blocky Ni4Ti3
No H-phase

Blocky Ni4Ti3
and H-phase

Fine H-phase
No Ni4Ti3

Fine H-phase 
and Ni4Ti3

Secondary precipitation depends on 

composition and heat treatment

500nm 100nm

500nm 200nm
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Ni56Ti41Hf3 Ni56Ti36Hf8

Without 300C (12hrs)

With 300C (12hrs)

Blocky Ni4Ti3
No H-phase

Blocky Ni4Ti3
and H-phase

Fine H-phase
No Ni4Ti3

Fine H-phase 
and Ni4Ti3

Secondary precipitation depends on 

composition and heat treatment

500nm 100nm

500nm 200nm

Preference for precipitation depends on Hf content
Presence of both phases depends on pre-age
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TTT data table for current alloys examined
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Conclusions for Ni-Ti-Hf

• Pre-aging without additional treatment does not show H-phase, only Ni4Ti3.

• Existence of interface within large Ni4Ti3 precipitates. 

Includes misfit dislocations.

• Increase in Hf from 3at.% to 8at.% under same aging conditions shows

suppressed nucleation and growth of Ni4Ti3 precipitation.

• Preference between Ni4Ti3 and H-phase switches when Hf content is 
increased.

• Large heterogeneous formation of Ni4Ti3-xHfx exists in 8at.%Hf samples.
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Future work for Ni-Ti-Hf

• Combine rolling contact fatigue with microstructure analysis and 
develop time/temperature/transformation to determine optimized 
alloy composition and heat treatment.

• Perform rolling contact fatigue on higher hardness alloys to confirm 
that higher hardness leads to better fatigue performance.

• Acta. Mat. paper on Ni-Ti-Hf microstructural optimization for 
tribology.
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Gantt Chart

Present
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Sean Mills
Colorado School of Mines

seanmills@mines.edu
Stebnerlab.mines.edu

Thank you

mailto:seanmills@mines.edu
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• Student:  Sean Mills (Mines)

• Advisor(s): Aaron Stebner (Mines)

Project Duration

PhD: August 2015 to August 2019

Problem: Ni-Ti alloys experience high residual stress due 

to rapid quenching processes.  The result is cracking and 

machining distortion.  Not quenching leads to low hardness.

Objective: Elucidate the effect of Hf ternary alloying on

metallurgy and bearing element performances.

Benefit: Hf-alloying could lead to reduction in residual 

stress by eliminating the need for rapid cooling while 

retaining high strength and hardness levels of quenched 

binary Ni-Ti.

Metrics

Description % Complete Status

1. Residual stress and hardness testing on Ni55Ti45 & Ni54Ti45Hf1 (NASA) 80% ●

2. Literature review 80% ●

3. Rolling contact fatigue characterization of Ni54Ti45Hf1 alloy 70% ●

4. Time/Temperature/Transformation of Ni54Ti45Hf1 alloy 30% ●

5. Alloy optimization – vary nickel and hafnium contents by 1-8 at% 20% ●

Recent Progress

• Rolling contact fatigue (RCF) tests on Ni54Ti45Hf1
and Ni54Ti43Hf3 alloy specimens

• TEM characterization of microstructure evolution in 

56at.% Ni alloys

• Continued Time/Temperature/Transformation (TTT) 

research

Project 17: Characterization of Microstructure 

Evolution in Nickel-Titanium-Hafnium Intermetallics
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Project 17: Characterization of Microstructure 

Evolution in Nickel-Titanium-Hafnium Intermetallics

Program Goal

Development of Ni-Ti-Hf alloys with high 

strength, hardness and toughness via 

superelasticity

Approach

Characterize residual stress and fatigue 

properties of Ni-Ti with added levels of Hf

Correlate properties to microstructural 

variations between alloys

Benefits

A new class of bearing materials with high 

strength and high damage tolerance

Very Small Hysteresis 

Superelasticity of Ni54Ti45Hf1

Project Duration

Aug. 2015 to Aug. 2019

Graduate Student – Sean Mills (CSM)

Faculty/Advisors – A.P. Stebner (CSM)

Industrial Mentors – C. DellaCorte & R.D. Noebe 

(NASA Glenn)

𝑇𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 45
𝐽

𝑚3
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Test Date 2/16 3/16 4/16 5/16 6/16 7/16 8/16 9/16 10/16

Sample 
Composition

Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1

Secondary 
Processing

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

Stress (GPa) 1.7 1.7 1.7 1.7 1.7 1.7 1.8 1.8 1.8

Lifespan
(108 cycles)

.33 >1.7 >1.7 >1.7 >1.7 >1.7 >1.7 1.47 >1.7

Test Date 8/16 9/16 11/16 11/16 12/16 1/17 2/17 3/17 3/17

Sample 
Composition

Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1

Secondary 
Processing

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

Stress (GPa) 1.9 1.9 2.0 2.0 2.0 1.9 1.9 1.9 1.9

Lifespan
(108 cycles)

.12 .31 .08 .22 .48 1.2 1.32 1.28 >1.7

Test Date 2/17 2/17 4/17 4/17 5/17 5/17

Sample 
Composition

Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni55Ti45 Ni55Ti45

Secondary 
Processing

900CWQ

+400C Age
900CWQ

+400C Age
900CAC

+400C Age
900CAC

+400C Age
1000CWQ

+400C Age
1000CWQ

+400C Age

Stress (GPa) 1.9 1.9 1.9 1.9 1.9 1.9

Lifespan
(108 cycles)

>1.7 >1.7 >1.7 1.18 >1.7 >1.7

Previous rolling contact fatigue tests
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Test Date 7/17 8/17 8/17 9/17 9/17 11/17 12/17 1/18 1/18

Sample 
Composition

Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti45Hf1 Ni54Ti43Hf3 Ni54Ti43Hf3 Ni54Ti43Hf3 Ni54Ti43Hf3

Secondary 
Processing

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CAC+ 
400C Age

1000CWQ+ 
400C Age

1000CWQ+ 
300C(12hrs)AC

1000CWQ+ 
300C(12hrs)AC

1000CWQ+ 
300C(12hrs)AC

Stress (GPa) 2.0 2.0 2.0 2.0 2.0 1.9 1.9 2.0 2.0

Lifespan
(108 cycles)

.33 .94 .74 .72 .36 >1.7 >1.7 >1.7 >1.7

Test Date 2/18 2/18

Sample 
Composition

Ni54Ti43Hf3 Ni54Ti43Hf3

Secondary 
Processing

1000CWQ+ 
300C(12hrs)AC

1000CWQ+ 
300C(12hrs)AC

Stress (GPa) 1.9 2.0

Lifespan
(108 cycles)

>1.7 .81

Current rolling contact fatigue tests


