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Metals are widely used tribological materials  – particularly, electrical contacts
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“The Gold Standard”… how much gold you may ask?   TONS per year
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Metal coatings benefit from small grain size and higher hardness 
(nanocrystallinity)
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Examples of typical friction behavior of pure and alloyed (hard) Au

normal force = 100 mN
ball radius = 1.6 mm
speed = 1 mm/s
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Alloying produces finer grain size by decreasing GB mobility & drastically 
lowers wear
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Alloys are harder and have lower friction, so low friction due to high hardness, 
right?
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… as we know, correlation is not causation…
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No!  Low friction possible even with bulk, coarse grained pure Au

now a longer experiment to 10k cycles:
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Low friction creates nanocrystalline surface layer

comparing pure Au surfaces and microstructures
where low and high friction were measured:
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A bit more data:   more friction experiments with pure Au revealed friction 
regimes

hard (alloy) Au pin sliding against bulk pure Au coupon
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So perhaps this is a function of accumulated plastic strain energy? 

Not that simple, data does not collapse well as a function of “accumulated damage”

perpetual high 
friction regime

transien
t regime

apparent 
perpetual low 
friction regime
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Electron diffraction of high and low friction wear tracks from Au-Au sliding 
contacts

Electron microscopy of focused ion beam
prepared wear track cross-sections

Again we see fine grain size in both cases… but the low friction case seems smaller.
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A closer look at the surface in TEM… 
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What MD simulations reveal…

10 nm

10 nm 10 nm

(34 nm deep)
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… alloying (stabilized GBs) changed dominant deformation mechanism

• Experiments: alloying reduces grain size and stabilizes grain boundaries

• Simulations: alloying mitigates stress-driven grain growth at interface and 
promotes grain boundary mediated plasticity

• Connection:  higher stability, smaller grains produce low friction at higher stress

high friction
& DMP

low friction
& GBMP
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So why IS harder better?  

dislocation
mediated
plasticity

grain boundary
mediated
plasticity

Hypothesis: the source of low friction between pure, unlubricated metals
is due to a change in the dominant mechanism of plasticity
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Correlation, not causation…

High hardness is not the source of low friction

instead, imparting higher stability to GBs
slows surface grain growth and

allows grain refinement to dominate
at increasingly higher stress
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Stress and temperature determine rate of grain coarsening
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Two routes to stabilize nanocrystalline metals – kinetic and thermodynamic



21

Two routes to stabilize nanocrystalline metals – kinetic and thermodynamic
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We propose that there exists a stress-dependent steady-state (asymptotic) 
grain size

… that is stress dependent
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Hardness (i.e. grain size) evolution toward stress-dependent steady-state 
value
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Example of grain size evolution in an initially UNC material (Ni - 40wt% W)

this is VERY hard metal (H ~ 8-9 
GPa)
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FIB-TEM wear track cross-section of 1 mN normal force / 10k cycle test

see low friction and no change in grain size… right?

(INCREASE in surface hardness by 11%)
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FIB-TEM wear track cross-section of 100 mN normal force / 1k cycle test

significant grain growth, higher friction
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FIB-TEM wear track cross-section of 1000 mN normal force / 1k cycle test

(µ ~ 0.6, steady-state)

again see significant grain growth, higher friction
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Example of grain size evolution for an initially UNC metal (Ni - 40wt% W)

We find that only the LOW FRICTION track HARDENED

This is similar to a result from Rupert and Schuh, Acta Mat. (2011)
where they find that grain growth of UNC Ni-W via annealing

can lead to hardening

So how do we define this limiting grain size asymptote?
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Yamakov et al. (Nat. Mat. 2004) provide a useful parameter

ref: Yamakov et al., Nat. Mat. (2004)
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Boundary of applied stress below which GBMP always dominates

ref: Yamakov et al. Nat. Mat. (2004)

Assumptions:

1. (new) grain size goes to splitting distance,   d     r = f(σ)

2. nucleation stress goes as inverse grain 
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So we are adding a layer of evolving (i.e. time-dependent) grain size

ref: Yamakov et al. Nat. Mat. (2004)
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What stress?  Hamilton model gives the maximum von Mises stress
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We can now define a generalized friction regimes map for metals

stress
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friction

high 
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What about grain size evolution?

	

GB 		

M
0

	Q
		V *

= grain boundary energy

= grain diameter

= grain boundary mobility

= activation energy

= activation volume 

		
v
gb

2

GB

d
M

0
e(Q/kT )e

[(

/2)V */kT ]

	d

• Classical grain growth equation
• Extra term depends on applied stress
• Assume initial cycle heavily refines surface to r0

• Use this to see how long it takes to evolve grains to 2ro

Defined only by materials parameters!
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Now we make it dimensionless and general
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• Normalize applied stress theoretical strength
• Normalize time by the fundamental “grain boundary time”
• Plot semilog

reduced stress:

reduced time:

Defined only by materials parameters!
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Ramped contact force experiments and friction mapping reveals much more!

Messy (tribology…), but there is stress-time envelope!

resetting event (wear?)

pure Au pure Cu



37

Apply reduction to ramped friction data…

pure Au pure Cu
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What about boundary lubrication of metal contacts (e.g. graphite, DLC, MoS2)?

Friction modifiers (e.g. graphite, MoS2, hydrocarbons) 
provide boundary lubrication and mitigate commensurate 
contact –
this allows low friction at higher normal force



v ~ 1 m/s, 10 kPa contact pressure
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Copper alloy brush sliding against pure Cu disk in humid CO2 (i.e. boundary 
lubricated)

Low friction
associated with
nanocrystalline
surface for a Cu-Cu
system

wear rate of ~ 1 nm per kilometer
µss ~ 0.3

ref: Argibay et al., Wear 2010
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A preview of future work…  impact of temperature on friction regime bounds

variable temperature tribometer (-190°C to +250°C)
in inert gas environment (liq. N2 input)
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A preview of the impact of temperature change on self-mated pure Cu

More experiments and microscopy needed, but two transitions
appear to exist at about 30°C and -75°C

threshold for
perpetual DMP

and high friction?
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Ok, that was a lot of information.  Big picture is…

feedback
loop
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Only the beginning, much left to do…

• So far only applied to FCC metals.  Apply 
to BCC metals, ionic solids -- ductility 
observed in nanoparticles of alumina

• Now exploring the temperature axis: 
optimizing high current density electrical 
sliding and rolling contacts

• Clearly there are other regimes and 
boundaries that have not been identified…

• Low friction regime is result of a 
competition between wear and stress-
driven grain growth

• Can we determine stacking fault energy or 
grain boundary mobility for alloys?

• Preliminary result with Ni-W says yes!

• Can we model competing wear? …difficult, 
but maybe
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Two routes to stabilize nanocrystalline metals – kinetic and thermodynamic
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Two routes to stabilize nanocrystalline metals – kinetic and thermodynamic
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Returning to the microstructure-based friction regimes model…

We assume:
1) that wear events reset the surface,
2) a competition between refinement and coarsening that drives d-> re
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What about grain size evolution in the transient regime?

• Classical grain growth equation

	

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Classical attempts to define wear & friction regimes were 
empirical/phenomenological
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Another look, now 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
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FIB-TEM wear track cross-section of 100 mN normal force / 1k cycle test



Can Now Complete the Circle

• Numerical correlation between applied stress, steady-
state surface grain size and friction coefficient.

• Stable grain size determination based exclusively on 
materials parameters.

feedback
loop
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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
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Recently published work showed oxide nanoparticles work just as well as Ni 
or Co
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Stable NC grain size can be achieved using non-metals

refs: Argibay et al. JAP (2015) and Argibay et al. Wear (2013)



57

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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Slab-on-slab sliding contact simulations remove wear, enable friction 
quantification

• Rigid slabs suppress grain growth

• No plowing is possible/reduced contact stress

rigid

elastic

sliding
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Sliding of pure Ag slabs

• Slight grain growth, forms transfer film

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

after 5 nm of sliding

Slab + 
transfer film

after 8 nm of sliding
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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!)

after 6 nm of sliding

after 16 nm of sliding
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Three regimes observed for 60Ni-40W at.% vs sapphire in oxidizing 
environment
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Ni-40 wt. % W hardness data
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Disruptive breakthrough in 2012: intrinsic thermal stability possible with NC 
alloys!
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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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MD also showed that low solubility alloys exhibit lower friction at equivalent 
stress

• AgCu is similar to hard gold (AuNi, AuCo…)
• Friction coefficient is the slope of line
• Change in shear accomodation changes the friction


