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Coupling
Stokes’s creep and Herring’s diffusion

at a small length scale
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Stress gradient drives mass transport
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When does transition occur?
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                   Stokes’s creep              Herring’s diffusion

( ),
2
1

,, ijjiij vvd +=

,ijijij s σδσ += ijij ds η2=

0, =jijσ

0, =kkvKinematics

Kinetics

Force balance

0, =kkJ

kk kT
D

J ,µΩ
−=

?

Boundary
conditions nσµ Ω−=

Prescribe
traction or velocity

Prescribe chemical potential

How to couple creep and self-diffusion?
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Diffusion-induced strain-rate
(isotropic placement rule)
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Suo, Kubair, Evans, Clarke, Tolpygo
Acta Materialia 51, 959 (2003)
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Strain-rate measures relative marker motion

marker velocity



3

Energetics
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Define driving forces as energy-conjugates:

Suo, JAM, in press
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Summary of equations
for v and σ
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Mechanistic pictures:
self-diffusion and creep
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Injecting  and emitting atoms

Chason et al. PRL 88, 156103 (2002) 

Deposition-induced compression
    (chemical potential excess)

Suo, Kubair, Evans, Clarke, Tolpygo
Acta Materialia 51, 959 (2003)

Oxidation-induced tension:  NiAl
    (chemical potential deficit)

Thick substrate: stress generation
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Thin foil
lateral expansion/contraction
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Electromigration
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Chiras, Clarke 
JAM 88, 6302 (2000) He, Suo, Marieb, Maiz  
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Electron wind vs. stress gradient
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(Blech condition generalized)

Electromigration through a foil
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v

785°C, 56 days

v = velocity of a marker relative to fixed space

Nonreciprocal diffusion
The Kirkendall Effect

Cu70Zn30

JCu

Smigeleskas and Kirkendall, Trans. Am. Inst. Min. Engrs. 171, 130 (1947)
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dij = dij
C + dij

D

Co-evolution of composition and stress

totalstrain - rate
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creepstrain - rate

dijC = f (τ e)
sij
2τe

Number conservation

∂CA

∂t
+ Ji

A +CAvi( ),i = 0

diffusion kinetics

Ji
A = DA −

∂CA

∂xi
+

c
φkT

∂σm
∂xi

 

 
 

 

 
 

force balance
σ ij, j = 0

deviatoric stress
sij = σ ij −σmδij

effective shear stress
τe = sijsij / 2

meanstress
σm =σ kk / 3

dilatation strain - rate
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Summary

• Diffusion and creep are coupled
• Generate stress by

www.deas.harvard.edu/suo
Publication 135, 156

excess chemical potential
electron wind
nonreciprocal diffusion


