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The Concept of Activation Volume(s)

Mechanochemistry:

controlling chemical reactions by stress 𝑘 = 𝐴 exp −
𝐸a − 𝐸m
𝑘B𝑇

= 𝐴 exp −
𝐸a − 𝜎Δ𝑉

𝑘B𝑇

𝐸m = 𝜎Δ𝑉

𝐸m =෍

𝑖,𝑗

𝜎𝑖𝑗Δ𝑉𝑖𝑗

(Hydrostatic pressure) Δ𝑉: volume change

(Arbitrary stress state)

𝜎𝑖𝑗 =

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧
𝜏𝑥𝑦 𝜎𝑦𝑦 𝜏𝑦𝑧
𝜏𝑥𝑧 𝜏𝑦𝑧 𝜎𝑧𝑧

Reaction coordinate
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𝐸a − 𝐸m

with applied stress
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Energy diagram for a 

mechanochemical reaction
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The Concept of Activation Volume(s)

Mechanochemical reactions:

Stress-assisted thermal activation model

𝑘 = 𝐴 exp −
𝐸a − 𝐸m
𝑘B𝑇

= 𝐴 exp −
𝐸a − 𝜎Δ𝑉

𝑘B𝑇

𝐸m = 𝜎Δ𝑉

𝐸m =෍

𝑖,𝑗

𝜎𝑖𝑗Δ𝑉𝑖𝑗

(Hydrostatic pressure) Δ𝑉: volume change

(Arbitrary stress state)

𝜎𝑖𝑗 =

𝜎𝑥𝑥 𝜏𝑥𝑦 𝜏𝑥𝑧
𝜏𝑥𝑦 𝜎𝑦𝑦 𝜏𝑦𝑧
𝜏𝑥𝑧 𝜏𝑦𝑧 𝜎𝑧𝑧

0 GPa

11.2 GPa
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Rection coordinate ( amu × Bohr)
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Discrepancy in Activation Volume Measurement

Experimentally-measured activation volume values vary a lot!

Examples:

Tribochemical material 

removal (wear) of Si:
𝚫𝑽 = 𝟑. 𝟖~𝟏𝟖𝟎 Å𝟑

𝚫𝑽 = 𝟔. 𝟕~𝟔𝟎 Å𝟑

Zinc dialkyl dithiophsophate

(ZDDP)
http://www.howstuffw

orks.com/engine2.htm

Growth of antiwear film from ZDDP
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Methods of Measuring Activation Volume

Atomic force microscope 

(AFM) cyclic sliding

Ball-on-flat tribometer
𝛤 = 𝛤0 exp −

𝐸a − 𝜎Δ𝑉

𝑘B𝑇
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Methods of Measuring Activation Volume

Ball-on-flat tribometer

mean contact pressure (GPa)

ln
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3
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)]

Δ𝑉

𝑘B𝑇

ln 𝛤 =
Δ𝑉

𝑘B𝑇
𝜎 + ln𝛤0 −

𝐸𝑎
𝑘B𝑇

Atomic force microscope 

(AFM) cyclic sliding

activation volume
activation energy

growth rate stress

Δ𝑉 is measured from the slope
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Methods of Measuring Activation Volume

Our AFM results: 

ZDDP tribofilm growth

Sharp tip: high stress

Oil residue

6𝟎 𝐧𝐦

𝟏𝟓 𝛍𝐦𝟏𝟓 𝛍𝐦𝟏𝟓 𝛍𝐦

Colloidal tip: low stress

x10 difference 

in Δ𝑉??

contact pressure (GPa)

N. N. Gosvami et al, 

Science 348, 102 (2015)

Δ𝑉 = 22.5Å3
Δ𝑉 = 2.11Å3

Δ𝑉 = 5.62Å3
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Considering Contact Mechanics

Pressure distribution:

𝜎 𝑟 =
3

2
𝜎m 1 −

𝑟

𝑎

2

Contact radius:

𝑎 =
3𝑅𝜋

4𝐸∗
𝜎m

Growth rate: 𝛤 = 𝐴׭
𝜌𝛤0𝑒

−
𝐸a−𝜎Δ𝑉

𝑘𝐵𝑇 d𝐴

𝛤 = 0׬
𝑎
𝜌𝛤0𝑒

−
𝐸a−Δ𝑉𝜎 𝑟

𝑘B𝑇 2𝜋𝑟d𝑟
Hertz model

#2: Contact radius

#1: Pressure distribution

𝛤 =
𝜋3

2
𝜌𝛤0𝑒

−
𝐸a
𝑘B𝑇

𝑅𝑘B𝑇

𝐸∗𝛥𝑉

2

1 + 𝑒𝜆𝜎m 𝜆𝜎m − 1

(𝜆 =
3Δ𝑉

2𝑘B𝑇
)

predicts a very different 

stress-dependence!

Correction #2

Correction #1
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The Correction Function

𝑑 ln 𝛤

𝑑𝜎m
=

Δ𝑉

𝑘B𝑇

𝑓 𝑞 =
3

2
∙

𝑞𝑒𝑞

1 + 𝑒𝑞 𝑞 − 1
(𝑞 = 𝜆𝜎m =

3Δ𝑉𝜎m

2𝑘B𝑇
)

𝑓 𝑞
Slope in the 

semi-log plot:

Correction 

function 

(Hertz):

Examples: 

(for a hypothetical reaction of Δ𝑉 = 10 Å3 at 𝑇 = 130°C)

• Colloidal AFM: 𝜎m = 200 MPa→ 𝑓 = 6.61

• Sharp AFM: 𝜎m = 2 GPa→ 𝑓 = 1.84

• Large-stress limit: 𝑓 = 1.5

Removed by using 𝜎𝑚𝑎𝑥 instead of 𝜎𝑚

Activation volume measurements at 

low stresses could have been wrong!

dimensionless number
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Adding Shear Stress to the Model

𝛤0𝑒
−
𝐸a−𝜎𝑖𝑗Δ𝑉𝑖𝑗

𝑘B𝑇
Δ𝑉eff = 𝜇Δ𝑉s − Δ𝑉n

assume 𝜏 = 𝜇𝜎
(constant 𝜇)

𝛤 = 0׬
𝑎
𝜌𝛤0𝑒

−
𝐸a− Δ𝑉s𝜏−Δ𝑉n𝜎

𝑘B𝑇 2𝜋𝑟d𝑟 = ⋯

generally, two 

independent 

variables 𝜎 and 𝜏

𝛤0 exp(−
𝐸a − 𝜎Δ𝑉eff

𝑘𝐵𝑇
)

Hertzian model

A two-variable model for fitting experimental data

*Note: sign convention

= 𝛤0𝑒
−
𝐸a−𝜏Δ𝑉s+𝜎Δ𝑉n

𝑘B𝑇Reaction rate:

ln
𝛤𝐸∗2

𝑅2
= ln

𝜋3𝑘B
2𝜌𝑇2𝛤0
2

−
𝐸0
𝑘B𝑇

− 2 ln
𝜏m
𝜎m

Δ𝑉s − Δ𝑉n + ln 1 + 𝑒
3 Δ𝑉s𝜏m−Δ𝑉n𝜎m

2𝑘B𝑇
3

2
∙
Δ𝑉s𝜏m − Δ𝑉n𝜎m

𝑘B𝑇
− 1
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Fitting to Experimental Data

Fitting to new model: 

Δ𝑉n = −2.08 ± 0.36 Å3

Δ𝑉s = 0.43 ± 0.57 Å3
→ Δ𝑉eff = 𝜇mΔ𝑉s − Δ𝑉n

= 2.3 Å3

Previous results:

Sharp AFM:      Δ𝑉eff = 2.1 Å3

Colloidal AFM: Δ𝑉eff = 22.5 Å3

• Normal stress promotes reaction

• Shear stress has little effect

over-estimated!
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Extension to Non-Hertzian Contacts

𝒏 = 𝟐 (Hertz)

𝒏 = 𝟑

𝒏 = 𝟓

𝑑 ln 𝑘

𝑑𝜎𝑚
=

Δ𝑉

𝑘𝐵𝑇
𝑓(𝑛; 𝑞)

𝒏 = 𝟑𝟎

Tip flattening: Pt-coated Si tip

50 nm

new

After sliding (2~3.5 GPa)

Non-Hertzian:

Power-law tip shape 𝑧 = 𝑐𝑟𝑛 (𝑛 ≥ 2)

Correction function:
after
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More Questions to Ask …

Δ𝑉s = 274Å3, Δ𝑉n = 9.9Å3

→ Δ𝑉eff = 𝜇mΔ𝑉s − Δ𝑉n = 17.5 Å3

WC ball

WC disk

mini-traction machine (MTM)

Δ𝑉s = 180 Å3, Δ𝑉n = 10 Å3

Contradictory to AFM results:

• Shear stress promotes reaction

• Normal stress inhibits reaction
Δ𝑉 = 125 Å3 (for 𝜏)

Δ𝑉 = 12.5 Å3 (for 𝜎)
𝜇 ≈ 0.1
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Summary

𝑑 ln 𝛤

𝑑𝜎m
=

Δ𝑉

𝑘B𝑇
𝑓 𝑞

Reaction coordinate

E
n
e
rg

y
o Hertzian contact:

• Slope of the semi-log plot                     activation volume

o Extension to non-Hertzian contacts

o Validation with experiments: ZDDP tribofilm growth

Correction function

Contact mechanics Tribochemistry

Contact mechanics correction: a general framework for measuring activation 

volume correctly
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