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Hard facings

Ocken (1985) ASTM G196 Galling

Pressurised water reactor

4Ocken, Howard. "Reducing the cobalt inventory in light water reactors." Nuclear 

technology 68.1 (1985): 18-28.
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Kim & Kim, Wear 237 (2000)
Button-on-block in air

Persson et al., Wear 255 (2003)
Linear sliding in air 

Lee et al.*, Wear 262 (2007)
Button-on-block in air and in 

pressurised water NOT PWR chemistry

* Same group as Kim & Kim

Stellite 6

Tristelle 5183

Burdett, Surf. Eng. 8 (1992)
Button-on-block in air
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Why do iron-based hard-facings fail at 
elevated temperature?
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Technique 1: A very brief 
introduction to EBSD
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• Electron backscatter diffraction

• Gives rich microstructural maps full of…
• Orientations 
• Grains – shapes, size (distributions)

• With a bit more care we can measure…
• Strains
• Dislocations densities 

My colleagues: Zeiss Sigma 300 & Bruker e-flash HD
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Reference EBSP 

High-angular resolution EBSD

19Wilkinson, Angus J., Graham Meaden, and David J. Dingley. "High resolution mapping of strains and 

rotations using electron backscatter diffraction." Materials Science and Technology 22.11 (2006): 1271-

1278.

Single grain 



High-angular resolution EBSD
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Reference EBSP 

Arbitrary EBSP in 
same grain Computer

Britton, T. B., and Angus J. Wilkinson. "High resolution electron backscatter diffraction measurements of elastic 

strain variations in the presence of larger lattice rotations." Ultramicroscopy 114 (2012): 82-95.



High-angular resolution EBSD
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Reference EBSP Arbitrary EBSP in 
same grain

Compare 
using 
image 
correlationComputer

Elastic strain, 𝑬e

𝑬e =
1

2
(𝑭e

𝐓
𝑭e − 𝑰)

Geometrically necessary 
dislocation density, 𝛒𝐆

෍

𝑖=1

𝑁

𝐛G
𝑖 ⨂𝛒G

𝑖 = ∇ × 𝐅e

𝑭e = 𝑓(pattern shift)



Technique 2: A very quick 
introduction to DIC

• Digital image correlation

• Pattern sample

• Track motion of pattern

• Calculate strains/rotations
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1 μm



Technique 2: A very quick 
introduction to DIC

23

1 μm

Scrivens, W. A., et al. "Development of patterns for digital image correlation measurements at reduced length 
scales." Experimental Mechanics 47.1 (2007): 63-77.



Pre- and post-deformation images
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We need features in both images
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We need features in both images
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Compare and calculate shifts 
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𝑭 =
𝐹11 𝐹12 ?
𝐹21 𝐹22 ?
? ? ?

Effective strain, 𝐸eff

𝐸eff =
2

3
𝑬:𝑬

Convert the shifts into strain 
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𝑬 =
1

2
(𝑭T𝑭 − 𝑰)

Total strain, 𝑬



Recapitulation
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HR-EBSD HR-DIC

• Ex-situ 
• Elastic residual strains - 𝑬e

• Geometrically necessary 
dislocation density - 𝜌𝐺

• Ex-situ 
• Total strains - 𝑬
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Bending hot pieces of metal
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Indenter

Lower grip



Bending hot pieces of metal
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Specimen 

Indenter

Lower support pins
Thermocouple



Prepare 
sample (EDM, 

polish)

Experimental workflow
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Materials
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Nitronic 60 - Cast and extruded rod

100 μm 30 μm

Austenite

Ferrite

Tristelle 5183 – Powder HIPed

Niobium carbide

Chromium carbide (7/3)



Nitronic 60
A simple microstructure with simple micromechanics? 
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300°C - specimen 1
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300°C - sample 2
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Tristelle 5183
Something a bit more complicated…
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30 μm



Tristelle 5183 – 300°C 

46



47



48



Focus on large grain regions
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Large 
NbC

What are the implications on wear and galling performance?



Conclusions – Nitronic 60

• Highly heterogeneous deformation owing to large grains

• Cross-hardening and GND accumulation main hardening 
mechanisms

• Trends and mechanisms nearly identical at RT and 300°C
• Slight increase in strain with temperature

❖Key point: results all show little change from room 
temperature
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Conclusions – Tristelle 5183

• Complex microstructure → complex micromechanics! 

• Fine grains with dispersed ferrite/carbides beneficial 

• Large austenite grains deleterious 

❖Key point: results all show little change from room 
temperature+

52
+ RT results not shown here, see Zhao et al. "A comparative assessment of iron and cobalt-based hard-
facing alloy deformation using HR-EBSD and HR-DIC." Acta Materialia 159 (2018): 173-186.



So what’s causing the change? 
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Change in material properties? Somewhat

Micromechanical matrix deformation? Somewhat

Internal heat generation?* No

Frictional heat generation?* No

Oxide/contaminant layers? ?

Particle pull-out ?

*Poole, B., Barzdajn, B., Dini, D., Stewart, D., & Dunne, F. P. (2020). The roles of adhesion, internal heat generation and elevated 
temperatures in normally loaded, sliding rough surfaces. International Journal of Solids and Structures, 185, 14-28.
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