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Investigations will focus on noble metal films – high impact and simpler (no 
oxides)
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Why “hard” Au?  Hardness increase associated primarily with grain size 
reduction
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Recently published work showed oxide nanoparticles work just as well as Ni 
or Co
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Grain size stability remains the key challenge to widespread adoption of NC 
metals



11

Grain size stability remains the key challenge to widespread adoption of NC 
metals



12

Grain size stability remains the key challenge to widespread adoption of NC 
metals



13

Two routes to stabilize nanocrystalline metals – kinetic and thermodynamic
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Modified CSM Nanotribometer – friction and wear testing platform

piezo stage

wires to flat

wires to pin

flat
pin

fluid cup

CSM nanotribometer modified for 
4-wire ECR measurement
• DC power supply
• nano-ohm meter

Test parameters:
• Fn = 100 µN to 1000 mN
• pin radius = 1.6 mm
• track length = 0.1 to 10 mm
• v = 0.01 to 10 mm/s
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Macro-scale experiments on pure and alloy gold (electroplated Ni-hardened 
Au)
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MD Simulations: how to interpret the following images…

• Locally FCC atoms colored according to Euler angle
• Locally HCP atoms colored red – twins & stacking faults
• Otherwise colored black – grain boundaries

grains/crystallites
(color according 
to
orientation/Euler 
angle)

grain
boundaries
(black)

stacking faults
& twins (red)

Cross-sectional slices of a 3D space filled with atoms
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Tip based friction simulations : this is what the initial condition looks like

Substrate:  nanocrystalline Ag
Constraint 1: constant velocity
Constraint 2: constant separation or normal 
force

2 m/s sliding

67 nm

34 nm

10 nm radius tip

(17 nm wide)
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Comparison between pure and alloyed Ag grain evolution
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Comparison between pure and alloyed Ag grain evolution: stabilization thru 
alloying!

grain refinementgrain growth
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Looking at pure Au tip/slab contact evolution over a longer sliding time

0 nm 4 nm

10 nm 14 nm

30 nm

• Initially distinct grains
• After shear (adhesive load), coalescence – now a mode II 

crack
• Single grain forms across interface – stress induced grain 

growth

a

b

a

b

c c

cc

c
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Summary of “tip/slab” contact with pure and alloyed Ag

• Alloy is more adhesive (work of adhesion twice that of Ag)

• Can’t measure friction with tip/slab geometry 

– load decays to equivalent adhesive value… tip wear

• Alloys suppress commensurate contacts
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Slab-on-slab sliding contact simulations

• Rigid slabs suppress grain growth

• No plowing is possible/reduced contact stress

rigid

elastic

sliding



26

Sliding of pure Ag slabs

• Slight grain growth, forms transfer film

• Slides along transfer film grain boundaries or nearby 
stacking faults depending on availability

5 nm

8 nm

Slab + 
transfer film
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Sliding of Ag alloy (10% Cu) contact

• Alloy slides at transfer film boundary, but also throughout 
substrate

• The pure Ag slabs on previous slide started with the exact same 
microstructure (lots of coarsening on the pure Ag slabs 
simulation!)

6 nm

16 
nm
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Grain size stabilization (refinement!) observed for alloys with miscibility gap 
only

pure Ag slabs

grain coarsening
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only

pure Ag slabs high solubility
system

Ag-10% Au alloy

grain coarseninggrain coarsening
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Grain size stabilization (refinement!) observed for alloys with miscibility gap 
only

pure Ag slabs high solubility
system

Ag-10% Au alloy

negligible solubility system
Ag-10% Cu alloy

grain refinement!grain coarseninggrain coarsening
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Grain size stabilization (refinement!) observed for alloys with miscibility gap 
only

• Experiments: alloys stabilize grain boundaries, prevent grain growth

• Simulations: alloys prevent grain growth through lattice mismatch

• Both:  Lack of grain growth avoids formation of commensurate interface, lowering friction

pure Ag slabs high solubility
system

Ag-10% Au alloy

negligible solubility system
Ag-10% Cu alloy
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Classical attempts to define wear & friction regimes were 
empirical/phenomenological
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What would a metals tribological behavior map look like founded on GB 
stability?
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Ramped contact force experiments with self-mated pure and alloyed gold
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Friction maps for bulk alloy gold vs electroplated hard gold supports the 
model!

Contact force ramped from 0 to 1N along 10 mm long wear track
1 mm/s sliding speed
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Friction maps for bulk alloy gold vs electroplated hard gold supports the 
model!

Contact force ramped from 0 to 1N along 10 mm long wear track
1 mm/s sliding speed



wear restarts process?
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Now comparing hard gold to pure gold… again, envelope is observed

Contact force ramped from 0 to 1N along 10 mm long wear track
1 mm/s sliding speed
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Wear analysis of pure and alloy gold surfaces along wear track for ramped 
force test
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Observed three wear regimes



42

Three regimes observed for 60Ni-40W at.% vs sapphire in oxidizing 
environment
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Three regimes observed for 60Ni-40W at.% vs sapphire in oxidizing 
environment



45

FIB-TEM wear track cross-section of 1 mN normal force / 10k cycle test
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FIB-TEM wear track cross-section of 100 mN normal force / 1k cycle test
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FIB-TEM wear track cross-section of 100 mN normal force / 1k cycle test
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FIB-TEM wear track cross-section of 1000 mN normal force / 1k cycle test

(µ ~ 0.6, steady-state)
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General Tribological Behavior Map for Metals, Alloys and Metal-Matrix 
Composites
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General Model: Proposed Dimensionless Parameters… Valid? Others?
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Disruptive breakthrough in 2012: intrinsic thermal stability possible with NC 
alloys!
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Investigations will focus on noble metal films – high impact and simpler (no 
oxides)
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Grain size stability remains the key challenge to widespread adoption of NC 
metals


