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Abstract: In stress-augmented thermal activation, the activation energy barrier that controls the rate of atomic
and molecular processes is reduced by the application of stress, with the result that the rate of these processes
increases exponentially with applied stress. This concept has particular relevance to Tribology, and since its
development in the early twentieth century, it has been applied to develop important models of plastic flow,
sliding friction, rheology, wear, and tribochemistry. This paper reviews the development of stress-augmented
thermal activation and its application to all of these areas of Tribology. The strengths and limitations of the
approach are then discussed and future directions considered. From the scientific point of view, the concept of
stress-augmented thermal activation is important since it enables the development of models that describe
macroscale tribological performance, such as friction coefficient or tribofilm formation, in terms of the structure
and behaviour of individual atoms and molecules. This both helps us understand these processes at a fundamental
level and also provides tools for the informed design of lubricants and surfaces.
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1 Introduction

Tribology is concerned with the interaction of surfaces
in relative motion and the behaviour of interfaces
present between these surfaces. Such relative motion
is produced by applied shear forces and is opposed
by friction.

Despite more than a hundred years of research we
still have surprisingly little deep understanding of
how the applied forces, the friction, and the relative
motion are connected at an atomic and molecular
scale. Most tribological experiments are carried out
at the macroscale, where, while they provide useful
relationships between friction, load, temperature,
and sliding velocity, they do not reveal whence these
originate. Computer-based, molecular-scale simulations
are starting to provide some insights and are certainly
the way forward but they have yet to be linked fully
to the macroscale laws of friction and sliding derived
from experiment.

There is, however, one model or group of models
that is able to connect directly molecular-scale behaviour
to macroscale friction response and other tribological
phenomena. This model was developed independently
in quite different contexts by Prandtl between 1913
and 1928 [1, 2] and Eyring in 1936 [3]. It is based on
the concept that a mechanical force applied to an atom
or molecule couples with the thermal energy possessed
by this entity to increase the rate of a process. This
process may be sliding, fluid flow or chemical reaction,
or indeed any process that involves an atom or mole-
cule traversing an energy barrier. Because it involves a
combination of mechanical force and thermal energy
this concept is sometimes called stress-promoted or
stress-augmented thermal activation but no standard
descriptor has yet become widely accepted.

The essential idea starts with the Arrhenius rate
equation in which the rate constant k, is given by:

k, = Ae /AT (1)
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where A is a pre-constant, E, is the thermal activation
energy for the process, kg is Boltzmann’s constant,
and T is the absolute temperature. This equation
can be quite easy understood in terms of probability
since according to the Boltzmann energy distribution,

—E [k;T =« . .
/5T is the fraction of atoms or molecules in a

e
large ensemble that have energy greater than E,, and
thus enough to traverse this energy barrier. It can
however also be derived from thermodynamic or
statistical mechanics principles with E, replaced by a
free energy [4].

According to stress-augmented thermal activation,
when a force, f, is applied to the atom or molecule

along the direction of the process, Eq. (1) is modified to
kf _ Ae—(Ea—/Ax)/kBT (2)

where Ax is the distance the force must move the
atom or molecule to reach the top of the energy barrier
(the activation length). The term fAx is a work term
and has the effect of reducing the energy barrier
and so increasing the rate of the process. The impact
of this term on the rate can easily be seen from the
rearrangement

k = AeEa/kT gt fax/kT 3)

where it is evident that the rate of the process increases
exponentially with the applied force. It should be
noted that Eq. (2) is the simplest model of stress-
augmented thermal activation and this has been
extended and embellished to a considerable degree
over the years, as will be discussed later in this paper.
This equation and those that follow can, of course, be
scaled up from molecular to molar quantities so that

kf — Ae—E/RTe+Nfo/RT (4)

where E is now the molar thermal activation energy,
N is Avogadro’s number, and R the gas constant.

In Egs. (2) and (3), k; is the forward rate constant of
the process, i.e., in the direction of the applied force.
The applied force also reduces the backward rate of
reaction according to

k = Ae_(Ea + fAx)/kgT (5)

b

so that in systems where both forward and reverse

processes are possible and have the same prefactor,
the overall net reaction rate constant becomes

kK = A(e—(Ea—fo)/kBT _e—(Ea+fo)/kBT) (6)
net
Upon rearrangement this is

knet _ Ae—Ea/kBT (efAX/kBT _e*fAX/kBT) — zko Slnh(fo/kBT)
@)

At high applied forces or when no reverse process is
possible the second term is negligible, in which case
the rate of a process will vary exponentially with the
applied force.

The influence of the applied force on the energy
barrier is shown schematically in Fig.1 for a very
simple case where, prior to the application of force, the
height of the energy barrier is the same in forward and
reverse directions.

The above model has been applied to many dis-
ciplines including various aspects of tribology, without,
however, ever becoming central to the latter. In the
author’s view it is surprising since the concept appears
uniquely relevant to tribology, which is concerned the
kinetic response of systems to large applied mechanical
forces.

The aim of this paper is therefore to show how this
stress-augmented thermal activation principle applies
to Tribology, to raise its general profile as a key
descriptor of many tribological processes and so help
understand these processes. The paper first provides
a brief history of how the model was developed and
applied in various forms to different areas of tribology
up to the 1950s. This is then followed by a more
detailed review of each of the most significant areas of
application, plastic deformation, lubricant rheology,

force,
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Fig. 1 (a) Activation energy barrier in the absence of an applied
force on the molecule shown. (b) Influence of an applied force fon
the effective energy barrier. Adapted and reproduced with permission
from [5]. Copyright AIP, 1938.
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sliding friction, tribochemistry, and wear. Finally, there
is a general discussion that attempts to bring together
the various ways that stress-augmented thermal activa-
tion has been applied across Tribology and to look
forward to future developments.

2 Early history

The concept of stress-augmented thermal activation
appears to have been first developed by Ludwig
Prandtl at the University of Gottingen in the early
1900s, being outlined by his student von Karman in
1913 [1] and described in full by Prandtl himself in
1928 [2]. Prandtl’s interest was in crystal plasticity
and, as described in the next section, he derived an
expression for the rate of plastic flow of a metal in
terms of the effect of applied stress on the forward
and reverse motion of atoms across the potential field
of an adjacent atomic plane. This gave an expression
quite similar to Eq. (6) above. Although Prandtl’s focus
was on metal deformation he noted at the end of his
1928 paper:

“To conclude, it may now be suggested that our con-
ceptual model is also suitable for the treatment of kinetic
friction.”

Prandtl’s model and a related one by Becker [6]
was applied in a series of subsequent studies of metal
deformation to describe dislocation motion, creep, and
plastic flow, as described later in this paper. However,
it did not appear to reach the attention of researchers
in the fields of friction, lubrication, and wear until the
early 2000s.

In 1936 Henry Eyring at Princeton developed a
model of liquid viscosity using a similar concept [3].
Since his ideas originated from his work on chemical
kinetics he described his model as being based on
absolute reaction rates. For simple molecular liquids
he envisaged liquid flow as originating from the
movement of individual molecules over the potential
field of an adjacent plane of molecules. In the absence
of an applied shear stress there will be no net flow
since the forward and reverse rate constants of flow
will be the same. However, from Eq. (7) an applied
shear stress will impose a force on the molecules so
as to produce the difference in the velocity between
adjacent layers of the form

Au=2k Asinh f4 8)
° 2k, T

B

where /2 is the distance the molecules move from
the bottom to the top of the energy barrier and is thus
equivalent to the activation length Ax in Egs. (2)-(7)
and Fig. 1. As described later in this review, Eyring
converted this velocity difference to a shear rate and
the force to a shear stress and thus derived a rheological
equation relating shear rate and shear stress. At
moderate shear stress the shear rate varied with the
sinh() of the shear stress, but at high shear stress this
simplified to an exponential dependence.

Although Eyring developed his equation in terms
of individual molecular motion, he was well aware of
its general thermodynamic origins. Thus he wrote in
1941 [71]:

“The general equation giving the rate of any reaction
which has been modified by some external agency may be
written:

K= (kB—Tj e(—AF‘/RT—AFI IRT) )
h

Here AF* is the contribution made by the external agency
to the free energy of activation.”

Eyring’s external agency was of course applied force.
Eyring and his students went on to apply this model
to the prediction of the viscosities of simple liquids
[5, 8, 9], polymer solutions [10, 11], and unimolecular
films [12], to the rate of deformation of metals [13],
and to the flow and creep of polymers [14, 15]. In the
latter he treated flow as a balance between the breaking
and reforming of molecular bonds and noted the po-
tential applicability of this to tribology, writing [14]:

“The phenomena of friction and lubrication appear to
involve this type of equilibrium between rate of breaking
and re-formation of bonds.”

There is no evidence that Eyring was aware of
Prandtl’s earlier work and indeed the two models
originate from very different starting points, Prandtl’s
based on mechanical principles and Eyring’s on
chemical kinetics. A recent paper has compared the
two approaches and the similarities and differences
between them in some detail, as well as briefly
outlining the general application of stress-augmented
thermal activation to Tribology [16].
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In 1953, Schallamach studied the kinetic friction of
rubber sliding against ground glass and silicon carbide
paper and found that the logarithm of the sliding
velocity, v, varied linearly with the applied force, F,
and inversely with the absolute temperature [17, 18].
Based on Eyring’s approach and assuming negligible
reverse process he proposed an equation relating
sliding velocity, v, to force, F, and temperature, T, very
similar to Eq. (3)

v=Ae 7RI (10)

where E is an activation energy and A and y are
constants, the latter being the activation length. Clearly
this equation predicts that F will be proportional to
log(v) at constant temperature.

In the 1950s, Beuche developed a model to describe
the mechanical scission of polymers under shear. His
model was initially based on a combined effect of
thermal and stored elastic energy in breaking polymer
bonds [19], but this was soon modified to one very
similar to Eyring’s, with probability of bond breaking,
p, given by

p= e—(E—F&)/kBT (11)

where F is the tension in the bond and 26 the distance
the bond will stretch before breaking [20, 21].

Also in the 1950s, Zhurkov investigated lifetime to
fracture in uniaxial tension of a wide range of solid
materials including metals, ceramics, and polymers
[22-24] and found a dependence on stress and tem-
perature of the form

7 =g el (12)

where 7 is the lifetime, U, an activation energy for
bond dissociation, o the applied tensile stress, and 7,
and yare constants. The similarity of this to Eyring’s
model is evident, with the exponent in Eq. (12) being
positive simply because 7 is a lifetime, and thus
reciprocal to a rate. Another difference from Egs. (8),
(10), and (11) is that the work term in Eq. (12), yo; is
based on applied shear stress rather than applied
force, so that the activation constant y has units of
volume rather than length; this difference will be
discussed later in this paper. It is not clear whether
Beuche or Zhurkov were aware in the 1950s of Eyring’s

work, though in later papers Zhurkov does reference
Eyring’s work on polymer flow [24, 25].

From the above it can be seen that, by the end of
the 1950s, the stress-augmented thermal activation
approach pioneered by Prandtl and Eyring had been
successfully used in models of plastic deformation,
liquid viscosity, kinetic friction, and chemical bond
dissociation.

In subsequent years these models have been further
applied and developed and, as described below, have
helped us understand the atomic and molecular origins
of key tribological processes. The next five sections of
this paper will illustrate this by reviewing, in turn,
the application of stress-augmented thermal activation
models to five areas of relevance to tribology: (i) plastic
deformation of materials, (ii) lubricant rheology,
(iii) sliding friction, (iv) tribochemistry, and (v) wear.

3 Plastic deformation

3.1 Prandtl’s model

Prandtl’s concept of stress-augmented thermal activation
was first described fully in 1928 [2]. Prandtl considered
the forces involved when a single, elastically con-
strained metal atom slides across the sinudoidal force
field produced by a stationary plane of adjacent atoms,
as shown schematically in Fig. 2(a). A plot of the force
experienced by this atom as it traverses the stationary
surface is shown in Fig. 2(b). The rest position of the
atom is at C but its actual position is at D where the
(negative) linear, elastic, constraining force shown as
straight line, intercepts and balances the sinusoidal
force field at force E. As the atom moves to the right
it tracks the sinusoidal force field until, so long as it is
at absolute zero temperature, it reaches position D’
where the force is E’. Here it becomes unstable and
jumps to the alternative intercept position D”, corres-
ponding to force E”. If the motion is now reversed
the atom does not jump back to D’ but instead
initially tracks the sinusoidal force field and Prandtl
explained the hysteresis of plastic deformation process
on the basis of this irreversible process. This concept
is now known as the Prandtl-Tomlinson model [16].
However, in practice the atom will be at a tem-
perature considerable above absolute zero and so
will possess thermal energy. This means that it will
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be able to jump sooner than from D, for example
from P, when the force is Q, to P’. To do this it must
possess thermal energy U;, which corresponds to the
horizontally hatched area in Fig.2(b). The reverse
process is much less likely since the atom needs energy
U,, corresponding to the vertically-hatched area, in
order to jump from P’ to P.

Figure 2(b) shows the variation of force with x, the
coordinate of the stationary surface, while Fig. 2(c)
shows this force as a function of the displacement of
the frame (or plane of atoms) in which the single
atom is elastically constrained, & If it possesses the
requisite thermal energy, the atom jumps from force
Q to Q' spontaneously at a fixed position of the sliding
frame. Indeed, depending on the thermal energy
available this jump can take place anywhere between
—a and a.

Prandtl then considered a very large number of
such atoms, irregularly distributed in the sliding
frame and non-commensurate with the adjacent force
field. The proportion of atoms at a particular location
&between —a and a in the upper part of the curve in
Fig. 2(c) (and thus available to jump down) is g The
fraction of these atoms having energy U, sufficient to
jump is given by the Arrhenius expression e /%",
The corresponding proportion of atoms in the lower
part of the curve is 1-x and the fraction with enough
energy to jump upward is e 2’%". Thus Prandtl
derived the net rate at which atoms would move to
the upper part of the curve as

(c)

Fig. 2 (a) Basis of Prandtl model of an elastically constrained
atom sliding over a plane of atoms; (b) force plotted against
stationary surface coordinate showing instability at D’; (c) force
plotted against slider displacement.

5
u u
du 1 T ol
—=—|-pue ™ +(1-uje ™ 13
& T[ 1 (1-u) (13)
or, at constant deformation rate, since d&/dt = dx/dt
u u
du 1 ol T
—=——ue " +(1-uje ™ 14
- TC{ 1 (1-4) J (14)

where ris the atomic oscillation time and c is the speed
of deformation, d&/dt.

The total applied force, P, required to produce this
deformation rate is then the integral of the local force
multiplied by the jump probability over the range —a
toa

a

P=[ (s, () + (1-20) £, (x) b (15)

—-a

where f; and f, correspond to the levels of force
between which the atoms jump, e.g., Q and Q’ at the
jump location shown in Fig. 2(c).

Solution of Eq. (14) requires an expression for U, in
terms of the displacement of the atom and for much
of his analysis Prandtl assumed a simplest possible,
linear dependence, i.e, Ui/kgT = A — Bx and Uy/ksT =
A + Bx. Even with this approximation, Eq. (14) could
only be solved analytically if the second, reverse
terms in Eq. (14) were assumed negligible, in which

case Prandtl showed that u :exp(—eBX /(Bcre’A ))

and that integration of P = j Uf; (x)dx gives applied
0

force, P to be
P=S(log(c) + A+log(Br)-05772)  (16)
B

where C = f; - f, and was taken to be constant. This
equation thus predicts that the applied force P varies
with the logarithm of the plastic flow rate c in accord
with experimental findings. Prandtl also explored a
more realistic parabolic dependence of the jump
energies U; and U, on displacement and discussed
the dependence of plastic flow rate on temperature.
Although focussed on plastic deformation of metals
he showed that his model was able to predict the
effective viscosity of the material under deformation
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from an essentially elastic solid at low temperature
right through to viscous-like behaviour at high tem-
perature.

Prandtl’s derivation has been described in some
detail above since it has been used in recent work on
modelling single contact friction, described later in
Section 5. However, it is clearly complex, involving a
two stage integration to find the local jump probability
and then to combine these at all locations to determine
the total force. As such it is analytically soluble in a
very limited number of cases and this may be one
reason why Prandtl’s model received little contem-
porary attention. Instead a much simpler thermal-
activation model of plastic deformation developed by
Richard Becker in 1925 was preferred.

3.2 Becker’s model

Becker considered the effect of combined applied shear
stress and temperature on the glide of one plane of
atoms over another in a metallic crystal [6]. He defined
the displacement fracture stress, oy, as the stress
required to produce glide in the absence of any
thermal motion and the actual applied stress, o, to be
smaller than this. He then suggested that for glide to
occur, thermal motion would be required within an
unknown volume V to bridge the difference between
cand o, and that the mechanical energy required to
achieve this would be V (o, —0c)* /2E where E is the
Young’s modulus of the material (in later work this
became the elastic shear modulus G). The probability
of this condition being reached is then given by

V((’R ’U)Z

2EkT (17)

p=ke

The plastic flow velocity was assumed to be pro-
portional to this probability. Becker tested this equation
using data from the deformation of tungsten single
crystal monofilaments and thus determined o and V.
Of particular interest was the estimated value of V,
which he found corresponded neither to the volume
of a single atom nor to a whole plane but was instead
about 3000 tungsten atoms. Becker thus deduced that
slip originated from the concerted response to stress
of a cluster of atoms within the crystal. In the 1930s,
Andrade and Roscoe [26] and Becker’s student Orowan
[27, 28] combined this model with crystallographic

evidence to propose that plastic deformation and creep
occur due to the motion of dislocations. Becker’s model
was also applied in 1941 to the creep of polymers [29].

3.3 Kauzmann

In 1941 Kauzmann applied Eyring’s model as expressed
by Eq. (7) to the creep of metals [13]. This predicts
that at high shear stress the underlying rate process
should vary exponentially with the applied stress,
rather than with the stress squared as suggested
by Becker’s Eq. (17). Kauzmann noted the general
similarity of his and Becker’s approaches however
and, like Becker, found that when tested against
creep data his model indicated an activation volume
corresponding to several hundred atoms. He suggested
that this represented the number of atoms involved
in dislocation movement. Figure 3 shows Kauzmann’s
view of how applied stress influences the potential
energy barrier for dislocation movement. It is elongated
because of the multi-atom activation volume.

Kauzmann also noted that at very low stresses in
the region of micro-creep, the activation volume was
much smaller and close to an atomic volume, suggesting
that the glide process had changed from motion of
dislocations to that of single atoms.

Both Becker’s and Kauzmann’s models continued
to be applied to describe the dependence on stress
and temperature of plastic deformation, creep, and
dislocation motion throughout the 1940s to 60s, with
Kauzmann’s model slowly displacing Becker’s [30-36]
(Ref. [31] is one of very few to cite Prandtl). In 1952
Cottrell [37] discussed three existing stress-augmented
thermal activation models, Kauzmann’s that suggested
that creep varies exponentially with o, Becker’s that
indicated an exponential dependence on ¢ and also

POTENTIAL
ENERGY

,U R
Fig. 3 Influence of applied stress on the potential energy curve
of a moving dislocation. Adapted from [13].
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a model by Mott and Nabarro that proposed an
exponential ¢®* dependence. A detailed review of
the state of the subject in the mid-1970s was provided
by Kocks et al. [38].

3.4 Since the 1970s

The stress-augmented thermal activation concept has
continued to be applied to describe the dependence of
plastic flow stress on temperature and strain rate and
thus the relationship between applied stress and dislo-
cation velocity to the present day [39]. Its application
has even been extended to describe the dependence of
crack propagation rate on temperature and stress [40].
Models have become more complex to incorporate
dislocation pinning effects and the behaviour of
different crystal structures. Most recent models have
replaced Becker’s original volume V by the product
of an activation area and the Burger’s vector (an
activation length) and have allowed this activation
area to vary with the applied stress [41].

Although most interest has been in the plastic
deformation of metals, both Becker’s [29] and Eyring’s
model [42, 43] have also been applied to the deformation
of solid polymers. In 1971 Ward analysed tensile and
compressive yield stress data of several polymers as
a function of temperature and strain rate in terms of
an extended Eyring model [43]

_(AU-Tv+p0)

g=Ae N (18)

where ¢ is the strain rate, AU an activation energy
for the flow process, 7 the shear yield stress, v the
shear activation volume, p the hydrostatic pressure,
and Q the pressure activation volume. Ward thus
introduced a pressure work term in the rate equation
which he assumed was positive, i.e., the rate decreased
with increasing pressure. This dependence on pressure
had been previously used by Eyring et al. to describe
the influence of pressure on viscosity [44] and, as will
be described in Section 5 of this paper, was later
adopted by Tabor to describe the influence of load on
sliding friction. In many ways a pressure term is more
familiar to thermodynamicists than a shear stress
term, since a PV work term is embedded in rate and
equilibrium equations involving gases.

4 Lubricant viscosity and rheology

41 Eyring's model

In 1936 Eyring developed his well-known model of
liquid viscosity. This originated from his transition state
theory of chemical kinetics that considers a chemical
reaction as involving passage of a molecular system
over an energy barrier in the process of converting
reactants to products. Eyring thus considered liquid
flow as resulting from passage of individual molecules
over an energy barrier and, as the title of his paper
indicates, regarded viscosity as an example of a
reaction rate. Figure 4 shows his schematic model in
which a molecule moves across an adjacent plane of
molecules into a vacancy or “hole” under the applica-
tion of a shear force f[14]. To do this it must traverse an
activation energy barrier E, as shown earlier in Fig. 1.
The applied force on the molecule has the effect of
lowering this activation energy by a factor f4/2 in the
direction of the force and raising it by this amount in
the backward direction. This causes the molecule (and
the other molecules in its plane) to move relative to
the adjacent plane at velocity given by Eq. (8), i.e.,
Au = 2k0/1sinh(f/1/2kBT). The velocity gradient or
shear rate is thus

_du_2A (A
7/—/11 = ) Smh(ZkBTj (19)

where k, is the rate constant in the absence of an

applied force, 4, is the spacing between adjacent mole-
cular layers and A is the total distance the molecule
moves in one jump, i.e., 2Ax (the distance between the
two energy minima in Fig. 1).

The force on a molecule can be related to the

applied shear stress by 7z = f /4,4, , where the product

27737
S
—_—
s A2

2 =

1
i

+-—--—_-—

f

Fig.4 Eyring’s schematic model of viscous flow of simple mole-
cules. Reproduced with permission from [14]. Copyright ACS, 1940.
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A3 is the cross sectional area of the molecule in the
plane of shear as shown in Fig. 4.

Replacing f in Eq. (19) by the shear stress 7 yields
an expression for the effective viscosity

T A
Mg =— = 12_/1 Iy (20)
2k Asinh| —22—
° 2k, T

At low applied shear stress, when 7 << kgT/A, 434,
sinh(tA A, A2k T) = tA1 A, A/12ks T, so the Newtonian
viscosity is given by

kT4,

N @
Eyring used this expression in two ways. Firstly, he
evaluated the rate constant k, by relating the energy
of activation E, to the enthalpy of vaporisation and
including a free volume term [8]. Eyring found that
that for liquids with approximately spherical molecules
Eq. (21) predicted the measured Newtonian viscosity
quite well, based on 1°,4,/4, being the molecular
volume. For polymeric molecules however, the pre-
dicted viscosity was too low and Eyring suggested that
this was because in the latter case the flow unit was
only a segment of the molecule [14].

Eyring also used Eq. (21) to substitute k, in Eq. (20)
and so obtained a molecular-based model of shear
thinning behaviour of liquids

Mett _ A (22)
N ok Tsinh| 2t
2k,T

The term 2k,T / A,A,A has units of stress and is nowa-
days called the Eyring stress, z.. We thus have

T o T _ (23)
N 7, sinh [Tj
Te

Or, since n, =7/y

T

e

r=1 sinh’ (M] (24)

This remarkably simple expression was the first

theoretically-derived rheological model of liquid
shear thinning. It originates directly from the stress-
augmented thermal activation concept and its
relationship to this can be most clearly seen by the
rearrangement of Eq. (24) to

; S _
INY _ sinh (i] & mer (25)

T T 2

e e

This has obvious analogies to Eq. (7), showing how
the net flow rate is a combination of flow in the
forward and backward directions and how these are
separately influenced by the applied force and thus
shear stress. It also shows that this sink relationship
possesses the requisite symmetry properties for a
rheology equation in that, when the sign of the stress
is changed, this results in the shear rate changing
sign but not magnitude.

Equation (24) predicts that simple molecular liquids
such as most base oils will begin to show significant
shear thinning when the value of 7,y/z, approaches
unity. However we now know that for such liquids,
7, is typically 5 to 50 MPa and it was not possible in
Eyring’s day to reach such values of the product of
ny and y without excessive shear heating. Instead
Eyring’s shear thinning model was applied, arguably
less appropriately, to more complex fluids such as
polymer melts and solutions and colloidal dispersions
that shear-thinned much more readily [45]. Eyring’s
original model assumes one type of flow unit and
in 1955 Ree and Eyring [46] extended the model to
accommodate blends of molecules with very different
size flow units so that

£=3 “sini” (47) (26)

where n is the number of different flow units present,
x; is the fractional area of a plane parallel to the shear
stress occupied by the i-th flow unit and ¢; and £ are
defined as @, =(24,4,) /2k,T and B, =1/(2k,A/ %)

a is effectively the reciprocal of the Eyring stress for
that component. Unfortunately, the complexity of this
approach detracts from the simple elegance of the
original model and its application has been limited. It
has been used primarily to describe the flow of polymer
solutions [47] or colloidal dispersions [48] with just two
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components although one three component system has
been examined [49].

4.2 EHD friction

In the 1960s there was growing interest in the friction
of high pressure elastohydrodynamic (EHD) lubricated
contacts, as found in gears, cams, and rolling bearings.
This friction was much lower than calculated by
assuming that the lubricant behaved in a Newtonian
fashion, indicating that the combination of the high
strain rate and very high pressure (and thus very high
viscosity) present in such contacts was resulting in
shear thinning, even of quite low molecular weight
lubricants. Initially this was ascribed to the existence
of a limiting shear stress for the liquid [50, 51] although
Plint [51] also noted a dependence of effective vis-
cosity on log(shear rate) in low slip conditions. Then,
in the 1970s, Hirst and Moore [52-55] and Johnson and
Tevaarwerk [56, 57] showed that disc machine friction
measurements could be very well explained by Eyring’s
shear thinning model as expressed in Eq. (24). In
such measurements, and indeed all measurements
at a combination of high viscosity and high shear
rate, it is important to eliminate thermal effects and
this was done initially by studying very low sliding
speed conditions and later by applying an isothermal
correction [58, 59].

Figure 5 shows plots of isothermal friction coefficient
versus shear rate from Evans and Johnson for a series
of disc machine tests on a mineral oil at varies applied
loads and thus mean contact pressures [59]. The mean
shear stress is simply the product of the friction
coefficient and the mean pressure so these plots are
equivalent to shear stress versus shear rate.

The results were fitted to

— gl myy my dr
=pr sinh™| ML AN 2 27
H=PL [ 7, 1,G dtj @7

where u is the friction coefficient, p the mean
pressure, and G the combined shear modulus of the
surfaces and lubricant. The first term in the brackets
is clearly the Eyring viscous response, while the
second term represents the reduction in friction due
to elastic compliance of the surfaces and the lubricant
film in response to the rapidly increasing shear
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Fig. 5 Isothermal friction coefficient versus shear rate for a
hydrocarbon lubricant in an EHD contact. Reproduced with
permission from [59]. Copyright .Mech.E., 1986.

stress in the inlet half of the contact. This elastic term
becomes negligible at high shear rate.

At low pressures and high shear rates the curves
follow closely Eyring’s sink™ relationship between
shear stress and shear rate. At high pressures and shear
rates these curves appear as straight lines, indicating
that shear stress is proportional to log(shear rate). This
is fully consistent with Eq. (24) since, when 7> z, the
equation approaches 7 =7, log, (217y7/7. ) -

Many other experimental studies have confirmed
the above findings and the Eyring shear thinning
equation has become widely used for modelling
the behaviour of liquid lubricants in EHD conditions
[60-66]. It has also been extended and applied to
glass-forming liquids [67]. It is not without controversy
and some researchers have advocated alternative shear
thinning equations that were originally developed to
study polymer shear thinning [45]. However, polymer
shear thinning occurs at relatively low shear stress,
while the phenomenon of simple, low molecular weight
liquids exhibiting extensive shear thinning is practically
unique to tribology. This is because only in EHD
lubricated contacts are liquids routinely subjected to
the extreme pressure and shear rate conditions required
to produce shear stresses significantly in excess of the
Eyring stress.

A recent development is the application of non-
equilibrium molecular dynamics simulation (NEMD)
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to model the molecular behaviour of large ensembles
of liquid molecules under shear. Such simulations
confirm the logarithmic dependence of shear stress
on shear rate predicted by Eyring at high shear stress
for most of the liquids studied and also, in some cases,
the whole sinki™ transition from linear Newtonian
dependence at low shear rate to logarithmic dependence
at high shear rate [68-70]. Figure 6 shows the predicted
stress-strain rate behaviour of squalane, which matches
the Eyring model over an extremely wide shear rate
range [70]. This is not definite confirmation of the
validity of the Eyring model however since other
models show equally good fit within the limits of
accuracy of the simulations [71, 72]. Interestingly some
liquids do not follow this type of Eyring dependence,
instead showing a levelling out of shear stress with
increasing strain rate to reach a limiting shear
stress [69].

Finally, it should be noted that, while all of the
above has focussed on bulk rheology, Eyring’s model
has also been applied to describe the shear rheology
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Fig. 6 NEMD simulations of squalane showing the dependence
of predicted shear stress and viscosity on strain rate and tem-
perature (dashed lines are Eyring fits). Reproduced with permission
from [70]. Copyright NAS, 2017.

of very thin adsorbed films [12, 73]. This is important
in terms of the impact of surfactant and polymers on
the stability of foam and emulsions but may also have
relevance to the rheology of nanoscale, confined films.

5 Sliding friction
5.1 Polymer friction

Although both Prandtl and Eyring noted the app-
licability of their stress-augmented thermal activated
models to kinetic friction, it was only in the 1950s
that Schallamach [17] and Bartenev [74] employed it
in this context, to explain the speed, load, and tem-
perature dependence of the adhesive sliding friction
of polymers and elastomers. Initially both researchers
envisaged polymer friction as resulting from the
interlocking of the molecular force fields between
rubber and track at the real area of contact, a concept
very similar to Eyring’s viscous flow. However
subsequent work indicated that at very high sliding
speeds friction started to decrease, as shown in Fig. 7
[75]. To explain this, Schallamach’s interpretation
shifted towards sliding involving the breaking and
reforming of bonds, with bond-forming being a
thermally activated process but bond-breaking involving
stress-augmented thermal activation [76]. He also
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Fig. 7 Friction versus log(sliding speed) for a vulcanised styrene-
butadiene copolymer rubbed against polished steel at 40 °C and
0.65 kg normal load. Reproduced with permission from [75].
Copyright Elsevier, 1965.
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considered the bonds to be elastic so that the forces
they experienced were proportional to how far they
were stretched. The effect of these two assumptions
was to introduce a maximum in the friction versus
speed curve since friction depended on factors that
both increased with sliding speed (bond stretching
and thus force), and reduced with sliding speed
(lifetime and thus number of bonds).

Bartenev’s explanation for the drop in friction
differed from Shallamach’s. He found that the fall in
friction at high sliding speeds corresponded to a similar
fall as temperature was reduced. He thus invoked
time-temperature transformation to suggest that at high
sliding speeds, the polymer’s mechanical properties
close to the interface changed to become similar to its
properties at its glass transition temperature [75].

A considerable problem in developing models of
polymer friction lies in fact that the real area of con-
tact can vary considerably with speed and load due
to surface deformation and junction growth and this
change in contact area can obscure intrinsic variations
of interfacial shear strength with load and speed. To
address this issue, both Schallamach and Bartenev
carried out studies to observe the real area of contact
during the sliding of elastomers. Bartenev et al.
measured real contact area and friction simultaneously
while increasing sliding speed and his findings
supported the logarithmic dependence of friction on
speed predicted by his model [77]. Schallamach, by
contrast, observed the presence and motion of defor-
mation waves now termed Schallamach waves for
polymers with low elastic modulus [78].

Schallamach’s initial model of polymer friction was
applied by Stejin in 1968 to interpret the measured
friction properties of PTFE [79], while his bond-breaking
and reforming model was considerably refined in
1986 by Chernyak and Leonov to take account of the
actual force—extension properties of polymer chains
and the way that momentum is transferred from
polymer to surface during this stretching process [80].

In the late 1970s Tabor and co-workers studied the
dependence of the friction properties of polymers on
load, sliding, and temperature [81, 82]. By using thin
polymer films of thickness ca 200 nm on very smooth,
rigid substrates, contact areas close to those predicted
by Hertz were obtained so that mean shear stress
could be determined from the measured friction. They

found that shear stress was proportional to pressure
and increased linearly with log(sliding speed) at a
fixed temperature for most polymers, although one
polymer, PMMA, gave shear stress that reduced linearly
with speed at low temperature. This anomalous result
was ascribed to a viscoelastic response [82]. They
developed an empirical equation relating stress to
pressure, sliding speed, and temperature closely based
on stress-augmented thermal activation.

Much more recently Bouhacina et al. have used an
AFM to study the friction properties of polymer films
grafted on a silicon substrate [83]. Like Tabor, they
found friction to increase with log(sliding velocity)
and interpreted this in terms of Eyring’s model.

4.2 Boundary friction

In 1982 Briscoe and Evans studied the influence of
load, sliding speed, and temperature on the boundary
friction of sliding surfactant monolayers [84]. The test
set-up involved a pair of crossed, mica-covered glass
prisms and monolayers of fatty acids and fatty acid
soaps were deposited on the mica surfaces using the
Langmuir Blodgett method. Optical interferometry
was used to measure the separation of the mica surfaces
and also the precise contact area during sliding. This
approach gave very accurate measurement of shear
stress of the sliding contact.

For fatty acid monolayers, shear stress, 7, was
found to increase linearly with load, to increase with
log(sliding speed) (Fig. 8(a)) and to decrease linearly
with temperature (Fig. 8(b)). Similar behaviour was
also seen when multilayers were used. With fatty acid
soaps formed by depositing fatty acids at high pH,
friction was constant or even fell with sliding speed.

Briscoe and Evans interpreted their fatty acid results
in terms of the Eyring model with an added pressure
work term as introduced by Ward [43], to give the
equation for the average velocity of a molecule at the
sliding interface

s
v=2vbe ' " ’'sinh(rp/k,T) (28)
where v is the effective vibration frequency of the
sliding molecules, b is the distance across the energy
barrier, O’ is the thermal activation energy for the
flow process, (2 is the pressure activation volume,
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Fig. 8 (a) Shear strength of stearic acid monolayers at 21 °C. (b) Shear strength against temperature for stearic and behenic acid
monolayers. Reproduced with permission from [84]. Copyright The Royal Society, 1982.

and ¢ is the shear activation volume. Assuming the
sliding velocity, V is proportional to the average
molecular velocity gives

Q'+ Qp

V= 2v0e7( ol ]sinh(r(p/kBT) (29)

where V, is an unknown velocity constant.
At high stresses this becomes

_(Q’Mlpfw]
V=Vel M (30)
or
T:I(B—Tlog[lj+l(Q'+pQ) (31)
@ Vi) ¢

This predicts the linear dependence of zon p and T and
its logarithmic dependence on V found experimentally.
Based on this equation, at constant sliding speed and
temperature it also predicts the two term Derjaguin
equation for friction where

F=c+aW (32)

and the constant « corresponds to (2/¢. Based on
estimated values of the shear activation volume, ¢,
Briscoe and Evans concluded that a flow unit com-
prised several fatty acid molecules. They interpreted
the pressure activation volume, £J as the local increase
in volume needed to permit molecular motion and
found that this corresponded to about the volume of
an ethyl group.

Subsequently a number of studies have studied the
friction of surfactant solutions in hydrocarbons in
macro-scale sliding contacts and found that friction

depended on log(sliding speed), in accord with Briscoe
and Evans’ model [85-87]. This behaviour appears to
depend strongly on the ability of the surfactant to
form a close-packed monolayer, so that if this layer is
disrupted in some fashion, friction tends to become
independent of speed. Thus Ingram et al. found that
some blends of low and high chain length fatty acids
gave speed-independent friction even though solutions
of the individual acids gave logarithmic dependence
[86]. Campen et al. found that while oleic acid
solutions gave friction constant with speed, the same
concentration of its trans-isomer, elaidic acid, showed
logarithmic dependence, similar to stearic acid [87].
The trans-isomer is able to pack more closely in
absorbed films than the cis-oleic acid.

In 2003, Drummond et al. used a surface forces
apparatus (SFA) to measure the friction properties of
a pair of cationic surfactant-coated mica surfaces in
aqueous solution over a wide sliding speed range [88].
They were able to measure the separation and the
precise contact area using optical interferometry and
thus convert friction to shear stress. Four stages of
behaviour were observed, as shown in Fig.9. At
very low sliding speeds shear stress increased with
log(sliding speed), before levelling out to a constant
value. At still higher speed stick slip was observed with
the friction and thus shear stress transiting between
high and low values. For some surfactant concentrations
at very high sliding speeds, smooth sliding returned,
with shear stress again increased approximately with
log(speed).

Drummond and coworkers interpreted these results
in terms a stress activation model based closely on
Shallamach’s 1963 model [76], with the contact con-
sisting of many nano-junctions that can form, stretch,
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Fig. 9 Dependence of shear stress on driving velocity while shear-
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based surfactant from aqueous solutions at 7=20 °C. Reproduced
with permission from [88]. Copyright AIP, 2003.

and break independently. Thus the first stage of the
shear stress/speed curve is dominated by the Eyring
principle of stress-augmented thermally activated
breaking of these junctions with the now recognisable
sink”! or, at higher speed, logarithmic dependence of
shear stress on sliding speed. Eventually this process
saturates and the shear stress levels out before starting
to fall as the number of nano-junctions reduces. The
stick slip stage ensues as a result of the well-known
instability that occurs in elastic systems when static
friction is lower than dynamic friction. Eventually, at
very high speeds Drummond et al. suggested that all
nano-junctions were broken and friction originated
from thin film viscous shear. Mazuyer et al. have
recently applied Drummond’s model to the measured
friction behaviour of solutions of two organic friction
modifiers in polyalphaolefin base fluid in a surface
forces apparatus [89].

5.3 AFM friction

In the late 1980s atomic force microscopes (AFMs)
started to be used to study friction. Initial work focussed
on the stick-slip behaviour generally observed in this
system and this was analysed in terms of the Prandtl-
Tomlinson model [90]. However, in many cases, both
mean and maximum friction also increased with
log(speed) and in 1990 this was analysed by Gnecco
et al. [91] using a stress-augmented thermal activation
model very similar to Prandtl’s 1928 concept [2]. They
considered an AFM tip, elastically constrained by a
cantilever, sliding up the flank of a sinusoidal force
field in a system identical to that shown in Fig. 2. They

described the change in probability of it not having
jumped (i.e., the tip not having slipped forward), p(t)
with time t as

PO f ey 3)
t

where f, is a characteristic vibration frequency and
AL" is the energy needed to overcome the remaining
potential barrier in the forward direction (equivalent
respectively to the reciprocal of the oscillation time
7 and to U; in Prandtl’s Eq. (14)). This equation is
couched in terms of probability of not having jumped
since the jump rate at time t will be proportional to
this.

In principle, the product of this equation and the
corresponding elastic force at time t could be inte-
grated to relate the total force to the velocity, as was
done by Prandtl, but instead Gnecco et al. trans-
formed it in terms of the force F using dp(t)/dt =
(dp(F)/dF).(dF/dt), so that

dp(F) . ey (d—F]
—aF = he p(F)| 5, (34)

They then expressed this in terms of sliding velocity,
vusing dF /dt = (dF/dx).(dx/dt) to give

dp(F e
B o fe O (E)k e (39)

where k. is the effective spring constant of the
cantilever.
They assumed a linear reduction of energy with force

AE'(F)=A(F - F) (36)

where 1 1is effectively an activation length (the distance
from the bottom to the top of the eenrgy barrier) and
AF* is the energy needed for the tip to jump at absolute
zero temperature (the thermal activation energy needed
to jump in the absence of an applied force).

To solve Eq. (35), Gnecco et al. assumed that jump
would occur at the maximum probability position
where d?*p(F)/dF? = 0 and so obtained the force at the
most probably position for the AFM tip to slip

kT )
F(o)=F + 5T jog | Pt (37)
A ‘ fokBT

From the above, the close analogy between this
approach and Prandtl’s should be evident, with
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Prandtl’s single elastically-constrained atom being
substituted by a single elastically-constrained AFM
tip. It does not, however, appear that Gnecco et al.
were aware of Prandtl’s previous work and it was not
until about 2002 that Prandtl’s 1928 paper started to
be referenced in this context [92].

In subsequent research, Gnecco’s approach was
extended to include a more realistic, parabolic de-
pendence of energy on force, i.e.,, AE*(F) o (F' —F)*?
and this predicted a dependence of friction force
on log(v)*® rather that a log(v) [93]. Unfortunately it
is quite different to test the validity of this without
measuring the variation of friction with speed over a
speed range of at least two orders of magnitude.

5.4 Friction simulation

As well as the above analytical approach, there
have been a considerable number of studies applying
molecular dynamics simulation (MDS) to model
sliding friction of tethered or adsorbed monolayer
boundary films [94-100]. The majority of these have
found friction to increase with log(sliding speed)
and compared this with Briscoe and Evans’ stress-
augmented thermal activation equations. However,
some simulations have predicted other types of friction/
speed response. Chandross et al. found friction to be
proportional to log(sliding speed) at low loads but
to be independent of speed at high loads [96]. Chen
et al. found that monolayers films, and indeed bare
substrates, that terminated with hydrogen acceptor/
donor species and could thus form links across the
contact gave friction that decreased with speed, while
those that could not form such cross links showed
friction proportional to log(sliding speed) [98].

In almost all of the above friction studies, both
experimental and modelling, the main finding sug-
gestive of stress-augmented thermal activation has
been that the friction force or shear stress increases
proportional to log(sliding speed). According to both
Prandtl’s and Eyring’s models this should, of course,
only be the case at high stresses when the backward
jump process becomes negligible. As will be discussed
later in this paper this is generally true in the context
of sliding friction where contact pressures and thus
shear stresses are likely to be very high. One exception
is Drummond’s study where at very low sliding speeds

an initial linear dependence of friction on speed was
observed. However this study used a surface forces
apparatus where contact pressures are generally much
lower than in normal rough surface tribological contacts.

In 2011 Miiser used molecular dynamics simulation
to predict dry friction over an extremely wide
sliding velocity range and found friction to vary with
sinh'(velocity) as shown in Fig. 10 [101]. Although
Miiser did not interpret this explicitly in the context
of combined forward and reverse transitions, the
similarity to the prediction of the Eyring’s model is
quite striking.
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Fig. 10 Variation of kinetic friction with sliding velocity and tem-
perature predicted from a molecular dynamics model. Reproduced
with permission from [101]. Copyright AIP, 2011.

6 Mechanochemistry
6.1 Background

A fourth area of application of stress-augmented
thermal activation to Tribology concerns mechano-
chemistry and this section will first briefly consider
mechanochemistry as applied to chemistry as a whole
and then focus on its specific application to Tribology.

The idea that mechanical forces can promote
chemical reactions has a long history. Thus, while
studying the reaction of silver salts with reactive
metals, Faraday in 1820 noted [102]:

“If dry chloride of silver in powder be triturated in a
mortar with zinc filings, then the two bodies immediately
act, and a heat above that of boiling water is produced.”

The actual term mechanochemistry appears to
have been coined by Ostwald in 1909 although the

'EN%IEI}SSI(?YI;QQ @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 6(1): 1-31 (2018)

15

mechanical force that he had in mind was pressure
rather than shear [103].

As described in Section 2 of this paper, the concept
that mechanochemistry might originate from a com-
bination of stress and thermal activation causing
chemical bonds to break was first developed by Beuche
and Zhurkov in the 1950s, both of whom developed
reaction rate models that added a work energy term
to the Arrhenius equation (Egs. (11) and (12), respec-
tively). Figure 11 shows some of Zhurkov’s data
relating the lifetime to fracture, 7 (the reciprocal of the
fracture rate), to the applied tensile stress for a metal,
a ceramic, and an organic glass, illustrating both the
exponential dependence of lifetime on tensile stress
and also the impact of temperature on reducing the
fracture lifetime [24].

For metals and ceramics, Zhurkov suggested that
his thermal activation energy (U, in Eq. (12)) repre-
sented the binding energy of metallic and ionic bonds.
For polymers it was not clear whether covalent bonds
within molecules were being broken or van der Waal
bonds between polymer molecules, allowing the latter
to slip past one another. However, in 1974 Zhurkov
and Kursukov used infrared spectroscopy to monitor
the breaking of covalent polymer bonds and showed
that this process was paramount in determining the
dependence of fracture on stress [25]. They also showed
that the values of U, calculated from the dependence
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Fig. 11 Measured lifetime to fracture versus applied tensile

stress for three materials at various temperatures. Reproduced with
permission from [24]. Copyright Springer, 1965.

of fracture time on temperature in Eq. (12) were the
same as those in thermal degradation experiments for
the polymers tested, writing:

“The equality of the activation energies indicates that a
connection exists between mechanical, mechanochemical,
and thermal destruction of polymers [25].”

Interestingly this appears to be the first time Zhurkov
employs the term “mechanochemical” in one of his
papers.

In the field of chemistry an important stage in the
development of mechanochemistry was made by Bell
in 1978 [104]. He applied Zhurkov’s model to describe
the cross-linking reactions of biomolecules such as
proteins with cell membranes and the consequent
effect of this on cell-cell and cell-surface adhesion. He
showed that the kinetics of this process was well-
described if the debonding process was driven by
Zhurkov’s stress-augmented thermal activation lifetime
equation (Eq. (12)).

In the last two decades mechanochemistry has be-
come a defined area of research in the field of chemistry
and its significance can be gauged from the con-
siderable number of review papers on the subject in
recent years [105-110]. Bell’s 1978 paper is generally
taken as the seminal starting point, although occa-
sionally earlier work by Zhurkov and Eyring is cited.
Mechanochemistry is now being applied to a wide
range of areas of chemistry and biochemistry, includ-
ing solvent free synthesis routes [108, 111], molecular
motors [112, 113], single molecule studies, for example
using molecular tweezers or AFMs [114, 115], cell
differentiation [116, 117], and mechanophores [118, 119].
The latter are molecular groups designed specifically
to respond to mechanical force, to enable this force
to be measured externally (sensors) or to produce
materials that respond in desired ways to applied
forces (smart materials).

Before discussing the application of mechano-
chemisty to Tribology it is important to define what
is meant by this term in the context of the current
review. The IUPAC gives a very broad definition of a
mechano-chemical reaction being a “chemical reaction
that is induced by the direct absorption of mechanical
energy” [108]. This has led to some confusion about
whether the term “mechanochemistry” should en-
compass indirect chemical effects of mechanical force
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on solids, such as local temperature rise or increase
of surface area [108]. Within tribology such a broad
definition would, of course, encompass all of tribo-
chemistry, and nowadays most chemists and also most
tribologists limit the term mechanochemistry specifically
to describe chemical processes where the application
of a mechanical force to individual molecules directly
promotes bond breaking and thus increases chemical
reaction rate. The reaction rate will then depend
on applied force and temperature according to a
stress-augmented thermal activation rate equation.
This focussed definition will be the one assumed in
the current review.

6.2 Mechanochemistry in Tribology: Polymer
degradation

Until very recently the only application of stress
augmented thermal activation to chemical reactions
in Tribology concerned polymeric viscosity modifier
additives. Polymers are especially susceptible to
damage by mechanical forces since these forces acting
on many monomers in the chain can accumulate
to produce large tensile stresses at mid chain or
entanglement points and so rupture the chain. This
effect became an important bulk polymer processing
tool in the 1920s and was patented in 1937 for use in
producing viscosity modifiers additives [120]. Then,
in the 1940s it was found that very high molecular
weight (MW) polymers in solution could show such
chain rupture when subjected to high shear rates,
resulting in permanent viscosity loss and limiting the
molecular weight of polymers that could be used in
lubricants [121]. A short review of permanent viscosity
loss of viscosity modifiers has recently been provided
by Marx et al. [122], while a general review of the
research on the mechanochemistry of polymers up
to the late 1980s is given by Sohma [123].

In 1940 Kauzmann and Eyring, at the end of their
paper on polymer viscosity, suggested that one
mechanism of shear thinning was rupture of polymers
caused by cleavage of their backbone C-C bonds due
to mechanical force [14]. They related this to the
influence of force on the potential between the bonded
C-C atoms as shown in Fig. 12, which illustrates how
an applied force linearly reduces the bonding energy

ENERGY —»

Fig. 12 Influence of applied force on the potential of a C-C
polymer bond. Reproduced with permission from [14]. Copyright
ACS, 1940.

as the bond is stretched. They then considered how
this process might be either reversible, to give
temporary shear thinning, or irreversible, to reduce
viscosity permanently.

In 1955 Beuche developed a model to describe the
rupture of polymer chains under stress in bulk poly-
mers above their glass transition temperature [19].
The rate of segment rupture was given by

dn = a)z)ZN: e (EVkT (38)
dt i=0

where o is the segment oscillation frequency, v the
number of active polymer chains per unit volume,
N the number of segments in a network chain, E the
thermal activation energy to break a segment, and V;
the elastic energy stored in segment i due to an applied
force. This elastic energy was initially defined in terms
of the bond stretch, calculated from the length of the
bond, the applied tensile stress, and Young’s modulus
of the polymer, in a way quite similar to Becker’s stored
elastic energy model of plastic deformation outlined
in Section 3.

However, in 1960 Beuche modified his definition
of V; to one more similar to Eyring’s, with the elastic
energy replaced by the product of a force and an
activation distance [21]. The probability of chain bond
g rupturing was then given by
~(E-E8)/ksT

n
— oC we

T (39)

where Jis the approximately half the distance the bond
will stretch before breaking (the activation length)
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and F, is the force on the bond number g from the
centre of an active chain segment having total number
of links Z given by

_p 1[4
Pq—Po{l (zz H (40)

F, is thus the maximal force experienced by the central
bond and Beuche showed that this was proportional
to the product of the shear rate and the bulk viscosity,
i.e., the shear stress acting on the whole active chain.
A very similar model to Beuche’s was proposed by de
Gennes in 1974 [124] who also showed that various
bond force-distance relationships would all result in
an approximately linear decrease of activation energy
with applied force.

Perhaps fortunately from the point of view of
viscosity modifier polymer stability in lubricants,
application of laminar shear subjects a fluid to a com-
bination of rotation and deformation and thus does
not impose very large tensile forces. For this reason,
fundamental studies of polymer scission in solution
are often carried out using elongational flow, where
degradation occurs at much lower strain rates. Odell
and co-workers studied polymer scission in such
flow conditions and showed that the rate of polymer
rupture followed a thermally-activated bond scission
model very similar to that of Beuche [125, 126]. They
also suggested that most observations of polymer
degradation in laminar shear might be due to local
turbulence, for example at a capillary inlet. This
highlights a key feature that will be discussed later in
this paper—that mechanochemistry is dependent
on bond stretching and consequent breaking, so that
its fundamental study in rubbing contacts requires
estimation of tensile forces on molecules from more
easily accessible shear forces.

6.3 Mechanochemistry in Tribology: Recent work

Polymer degradation as outlined above is a process
that takes place in bulk polymers or in solutions
under shear. It has also long been recognised that
the rubbing of contacting asperities in boundary and
mixed lubrication conditions can stimulate chemical
reactions at surfaces to form tribofilms. This whole
field is generally termed tribochemistry and, as will
be discussed in the next section, several different

mechanisms have been suggested as drivers of
tribochemical reactions. Recognition that stress-
augmented thermal activation might cause such
reactions at surfaces and the description of this as
mechanochemistry, is however quite recent. It appears
to have originated to describe the shear-induced
removal of atoms, ions, or molecules from surfaces
when developing models of wear, as will be outlined
in the next section, and only in the last three years
has it been formally applied to tribochemical reactions.
Since 2015, however, progress has been quite remar-
kable and stress-augmented thermal activation models
are now being used to describe antiwear and extreme
pressure (EP) additive reactions as well as poly-
merisation in rubbing contacts.

In an influential paper in 2015, Gosvami et al.
measured the rate of film formation by the antiwear
additive zinc dialkyldithiophosphate (ZDDP) on silicon
and iron-coated surfaces in a liquid cell AFM at
elevated temperature [127]. As shown in Fig. 13, the
topography mapping capability of AFM enabled film
formation to be monitored as a function of applied
load and temperature. An exponential dependence of
film growth rate on pressure was observed, and the
observed temperature dependence was correlated with
a stress-augmented thermal activation model

AG,

act

r =Ie ™ 1)

growth rate

where 7I"is the ZDDP film growth rate, 7 a pre-factor
and AG, the free energy activation energy of the rate

e Exponential fit

6,000

5,000 A

4,000 -

3,000 A

2,000

Growth rate (nm’/s)

1,000 A

2 3 4 5 6 7
Contact pressure (GPa)
Fig. 13 ZDDP tribofilm growth rate versus contact pressure on a
silicon surface. Topography images are after 2,000 cycles. Reproduced
with permission from [127]. Copyright Science ASSS, 2015.
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limiting reaction step, given by an expression with a
thermal activation and a stress activation term

AG,, =AU, -0cAV_, (42)

Here AV, is the activation volume and o the driving
stress. Gosvami assumed this driving stress to be
pressure but, as will be discussed in the next section,
it is now believed to be primarily the shear stress
(or rather the tensile stress inflicted on the ZDDP
molecules via the shear stress). Generally, of course,
in boundary lubrication the shear stress will be
approximately proportional to the pressure at a given
temperature, at least over a limited pressure range.

Tysoe and co-workers studied the tribochemistry
of two model sulphur-based extreme pressure (EP)
additives, dimethyl and diethyldisulphide, on copper.
They investigated each stage of the reaction process:
(i) adsorption/reaction of EP molecules on the surface
to form alkylthiolate; (ii) the reaction of this alkylthiolate
during rubbing to break C-S bonds and release sulphur
atoms; (iii) the forced diffusion of these S atoms into
the metal substrate [128, 129]. By measuring the release
of hydrocarbon species using mass spectrometry they
were able to monitor the second stage of this process
and found that the reaction rates measured during
rubbing were consistent with Bell’s stress-augmented
thermal activation model [129]. Molecular dynamics
simulation was also used to examine the likely response
of individual methylthiolate (CH;S) species at the
surface during shear. The applied force tilted the
molecules and the resulting stretching force promoted
breaking of the C-S bond, as shown in Fig. 14.
Comparison of the measured reaction rate and MD
predictions indicated that the rate-limiting step for
the reaction was methylthiolate decomposing to
adsorbed methyl and sulphur species.

Also in 2015, Felts et al. studied the influence
of contact stress on the removal of oxygen atoms
bonded to graphene by a sliding AFM tip [130]. Since
oxygen-free graphene gives much lower friction than
graphene coated with bound oxygen, the kinetics of
oxygen removal could be monitored by measuring
the decrease of lateral force. The results correlated well
with a stress-augmented thermal activation model,
with an activation volume of 11 A3 and a thermal
activation energy of 0.75eV. The authors measured

Energy (eV)

0.0 -

00 05 10 15 20 25 30 35
Lateral methyl group displacement (A)

Fig. 14 Profile of calculated energy versus lateral displacement
of the methyl group in methyl thiolate on a Cu(100). Also shown
is the evolution in the methyl thiolate to release an adsorbed
methyl group. Reproduced with permission from [128]. Copyright
ACS, 2015.

tip geometry after sliding and were thus able to obtain
good estimates of contact pressure and shear stress.
Like Goswami however, they appear to have used
normal pressure as the driving stress in their model.

Two recent studies have investigated the effect
of contact stress on tribopolymerisation. Yeon et al.
investigated the rate of formation of solid reaction
product in a sliding silicon oxide on glass contact
lubricated by allyl alcohol vapour, using an AFM
to monitor the volume of polymerised product [131].
They also carried out parallel MD simulations. Both
experiment and model found reaction rate to increase
exponentially with pressure and shear stress as shown
in Fig. 15.

He and Kim studied the adsorption of, and then
rate of formation of polymeric deposit by o-pinene,
pinane, and n-decane during sliding of stainless steel
on stainless steel [132]. They used reflection adsorption
IR spectroscopy to measure adsorption and AFM to
monitor the volume of solid material produced in and
around the contact. Like Yeon et al., they found the
rate of polymerisation to depend exponentially on load.
The reaction rate for n-decane was much slower than
for the ring-structured pinene and pinane.

The above experimental work has inspired models
that predict tribofilm growth, removal, and consequent
friction and wear in rough surface contacts by
numerical modeling, with tribofilm formation governed
by the local temperature and stress in a time-evolving
system [133, 134]. The current main limitation of
such models is that while film formation rates can be
modelled now with reasonable confidence, the processes
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Fig. 15 (a) Rate of measured normalised tribo-polymer yield versus applied contact pressure. Insets are AFM images of a rubbed track,
a mass spectrum of tribo-products from ToF-SIMS analysis, and a ToF-SIMS imaging ion map. (b) Rate of tribo-polymer formation
predicted from MD simulations. Insets show the structures of an allyl alcohol molecule and an intermediate dimer. Reproduced with

permission from [131]. Copyright ACS, 2017.

and equations that describe film removal are not yet
at all well understood or reliable.

6.4 Proof of mechanochemical reaction

It is clear from the above that the recognition that
some tribochemical reactions may be driven by stress
according to a stress-augmented thermal activation
mechanism is growing very rapidly. A word of caution
should be noted however. The principle evidence
that a tribochemical reaction is driven by stress, and
thus falls into the category of mechanochemistry, is
almost always an observed exponential increase in
reaction rate with applied pressure or shear stress,
in some cases supported by molecular dynamics
simulation. This presumes however that other possible
drivers are absent and/or such other drivers will not
also increase reaction rate exponentially with stress.
Historically there are many suggested drivers for tri-
bochemical reactions including, in addition to pressure
or shear stress, the following;:

o Flash temperature;

e Generation of catalytic surfaces;

o Activation/roughening of surfaces;

o Enhanced mixing due to shear;

¢ Localised non-Boltzmann energy distributions;

¢ Triboemission.

The mechanochemical studies described in the
previous section [127-132] above all used very low
sliding speeds in order to minimise significant flash
temperature rises, but it is debatable whether the other
possible drivers listed above can be safely discounted.
For example, it has already been noted in this review

that plastic deformation and fracture of metals and
ceramics are exponentially dependent on shear stress,
while it has also been found that triboemission stems
directly from plastic deformation and/or fracture. Thus
the possibility of triboemission may drive the observed
reactions that cannot be ignored. Another problem is
how to distinguish whether shear stress or pressure
is the main driving force since the two are strongly
correlated in boundary lubrication.

This problem has recently been addressed by Zhang
and Spikes using the additive ZDDP [135]. The
underlying problem is that the rubbing contact of
asperities is an extremely severe and generally poorly
defined process during which it is difficult to know or
control the conditions and their effects. The use of an
AFM tip alleviates some of these issues but not those
relating to nanoscale tip damage processes.

Zhang and Spikes reasoned that if ZDDP reaction
is driven by stress then it should occur at very high
stress even in the absence of asperity contact: for
example, in full film elastohydrodynamic lubrication
conditions. They thus monitored ZDDP tribofilm
formation in a very high pressure EHD contact where
there was no asperity contact. They used a high
entrainment speed to generate a thick, separating
EHD film, but very low sliding speed to minimise
flash temperature. They compared the behaviour of
ZDDP in two different solvents, one a polyalphaolefin
(PAO) that produced very low EHD friction and thus
shear stress and one a traction base fluid with very
high EHD friction and shear stress, both giving the
same EHD film thickness. As can be seen in Fig. 16,
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Fig. 16 Comparison of optical interference images for ZDDP solution in PAO and DM2H over a four-hour test at 75 N and 100 °C

(U= 3 m/s, SRR =3%) [135].

they found that ZDDP in the traction base fluid DM2H
formed a tribofilm on the rolling-sliding surfaces at
high shear stress, but ZDDP at PAO formed no such
film at low shear stress even though all other conditions,
including pressure, were otherwise identical. From
the measured friction it was evident that, depending
on the temperature, ZDDP started to form a film when
the local shear stress exceeded about 200 MPa.

The ZDDP tribofilm increased linearly with time
and the dependence of the rate of the film growth
on shear stress and temperature agreed well with the
stress-augmented thermal activation model.

This study is important because, as well as eliminat-
ing all of the alternative possible drivers listed above,
leaving only contact stress as the driver, it also
demonstrated clearly that the ZDDP reaction was
promoted primarily by shear stress and not normal
pressure. For the ZDDP in traction base fluid studied,
Zhang and Spikes found a thermal activation energy
of 53 kJ/mol and an activation volume of 180 A®.

7 Wear

The final area where stress-augmented thermal
activation has been applied in Tribology is in the field
of wear. This is closely related to the mechanochemistry
outlined above since it is presumed that wear involves
the breaking of bonds (ionic, covalent, metallic) and
consequent release of one or more particles from a
solid sliding surface. In 1997 Dickinson et al. studied
the dissolution of calcite into calcium carbonate solution
as an AFM tip was rubbed over the calcite surface
[136]. He found the dissolution (wear) rate increased
exponentially with the applied contact force and fitted
the data to a “Zhurkov-Arrhenius” model. Based on the
radial tip stress he estimated an activation volume
of 44 A%,

In 2000 Kopta and Salmeron investigated the for-
mation of wear scars on mica surfaces rubbed by a Si
tip in an AFM [137]. They found that rubbing caused
breakage of Si-O bonds in the mica to form defects
that developed into 2A deep wear scars. They fitted
the results to a stress-augmented thermal activation
model in which the rate of 5i-O bond breaking and
thus wear was exponentially dependent on the stress.

Gottsman and Lanz in 2008 studied the wear of
cross-linked polyaryletherketone rubbed by a sharp
Si tip in an AFM and applied Briscoe and Evans’ model
of boundary friction to explain the influence of applied
load on wear [138]. More recently Jacobs and Carpick
rubbed a silicon tip against a diamond flat in vacuum
in a transmission electron microscope (TEM) and used
the TEM images to measure the change in volume
of the tip and thus the wear rate [139]. As shown in
Fig. 17, they found this wear rate to vary exponentially
with applied mean normal contact stress and attributed
this to a stress-augmented thermally activated reac-
tion with thermal activation energy 0.91 eV and an
activation volume based on contact pressure of 6.7 A,
This corresponded to an activation volume of 55 A3 if
shear stress were considered to be the driver.
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Fig. 17 Influence of contact pressure on the wear rate of pure

silicon against diamond in a TEM. Reproduced with permission
from [139]. Copyright Nature, 2013.
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8 General discussion
8.1 Connections

It is striking from all of the research outlined in the
previous five sections how the principle of stress-
augmented thermal activation links together apparently
disparate areas of Tribology. Not only are models of
plastic deformation, liquid rheology, friction, tribo-
chemistry, and wear all based on the same underlying
concept but also the boundaries between them become
blurred. Thus Eyring’s model, originally developed
to describe liquid viscosity, has been extended and
used to describe plasticity, while Prandtl’s model spans
the whole range of behaviour from crystal plasticity
to viscosity as temperature is increased. Kauzmann
and Eyring’s polymer shear thinning and Shallamach’s
polymer friction model are based on the formation
and breaking of bonds and are thus precursors
of mechanochemistry, suggesting that friction and
tribochemistry may be interlinked at a fundamental
level. Atomic-scale wear and mechanochemistry are
also directly related

It is not always clear from the literature how Prandtl’s
and Eyring’s original concepts spread and the extent
to which they were independently rediscovered by
subsequent researchers. Figure 18 attempts a chart
showing the links from researcher to researcher where
these are reasonably clear. It is evident that the studies
of Eyring and of Zhurkov are the origins of most
recent work.

1910 1920 1930 1940 1950 1960 1970

1980 1990 2000 2010
T T

™ T T T T
Material — e
i >, @
plasticity | - {Becker _—Cottrell Ward
o ———_ Kauzmann /" \ ]
Prandtl | et S o \ i Gnecco
Dry & AFM [ T N—— e
friction / A \ o\ Rser
| A \ Briscoe H
Y \ i
Boundary | P A 7., i E)n:nmond
lubrication / oy g 2.
Polymer " Schallamach "’ra:m e
friction ol P Bouhacina
~__Bartenev i
Liquid §
rheology Eyring T =
“==—_Johnson
EHD ‘oo
friction . Hirat
° ‘Beuche | Ada;ns
Mhechgv:o- Kauzmann @ Le+—— I e
Chemistry Zhurkov ———__Bell ! i Gosvami
i o
Wear , . . ! | i Dickinson | Jacobs

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Fig. 18 Timeline showing connections in application of stress-
augmented thermal activation.

8.2 Activation constants

One point of some confusion in the literature concerns
the significance of shear activation volume. Prandtl,
Eyring, Schallamach, and Beuche used an activation
distance Ax in their versions of the rate equation k =
Ae BIMIRT regpectively employing the nomendlature,
a, A/2, y, and ¢in Egs. (16), (8), (10), and (11) (a does
not appear explicitly in Prandtl’s Eq. (16) but is equal
to A/B). These all have unit of length and so, when
multiplied by the applied force f, provide the work
term fAx that promotes the process. In practice, the
activation length generally approximates to the distance
from the initial valley to the top of the potential energy
barrier that must be surmounted for the process to
occur. It thus corresponds broadly to half molecular
spacing or bond length.

Unfortunately, in experimental work the force on
a molecule is not generally known; what is known
is the applied shear stress calculated from the friction
force divided by the contact area. Thus most experi-
mental researchers have employed rate equations
of the form; k= Aexp(—(Ea —1Av) / kBT) where 7is the
shear stress and Av is called the shear activation volume.
This has units of volume and so when multiplied by
stress forms the required work term. It is very simply
determined from the gradient of applied stress versus
log(rate), where rate is sliding speed, strain rate,
tribofilm formation rate, etc. This gradient is kzT/Av.

It is, however, important to note that Av is not
actually a volume but, as should be clear from Eyring’s
derivation in Section 4.1, the product of the area over
which the stress acts multiplied by an activation
distance. If the driving stress is a shear stress, this
active area corresponds to the cross-sectional area of
a molecule or set of molecules in the plane parallel to
the direction of stress. In Zhurkov’s work, where a
tensile stress is applied, the activation area is, of course,
orthogonal to the applied stress. This stress may be
acting on a single molecule, in which case the active
area is the area of one molecule. However, if the
interface contains defects, the stress acting on several
molecules may focus the resulting force on a single
molecule to help drive it over an energy barrier. In
this case the active area will be larger, and possibly
much larger, than a single molecule, as is the case in
the deformation of metals.
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It is of interest to compare the various values of
shear activation volume determined by researchers.
Eyring stresses are typically in the range 5 to 50 MPa.
From Eyring’s model, (Egs. (22) and (23)), Eyring stress
is equivalent to 2ksT/A,A434 where A,4;is the area of
a molecule over which the stress acts and Ais the
distance a molecule or molecular segment moves in a
jump (twice the activation length). 4,4;4/2 is thus the
activation volume and, over the Eyring stress range
above, it spans 100 to 1,000 A3. For approximately
spherical molecules, if the shear activation originates
from the force on individual molecules, the shear
activation volume will be approximately half that of the
cube containing a molecule, so this can be compared
to the molecular volume. A hydrocarbon lubricant
of average MW 400 will have a molar volume of ca
350 cm? and so a mean molecular volume of ca 580 A°.
Of course because of free volume, the actual occupied
molecular volume will be somewhat smaller than this.
For non-spherical molecules, if we arbitrarily assume
a thickness perpendicular to the shear plane (Eyring’s
A) of 10 A, we obtain a molecular area on which the
shear stress acts of 20 to 200 A2 As noted by Hirst
and Moore [54] these are not unreasonable values, in
that for polymeric molecules the flow unit is likely
to be a polymer segment, while for molecules having
short side chains some interlocking is likely so the
flow unit may well be more than one molecule.

In studies on boundary friction, Briscoe and Evans
[84] and Chugg and Chaudri [85] estimated shear
activation volumes of the fatty acids studied of
approximately 1,500 to 6,000 A3. They suggested that
this was equivalent to about 2-6 molecular volumes
and that a small number of molecules were therefore
combined as flow units. However, the authors com-
pared molecular volume with activation volume and
this is probably not appropriate for vertically-oriented
molecules. As discussed above, the activation volume
is generally considered to be the area of the molecule
times its activation length. The area of a fatty acid head
group is around 20 A? [140] from which its activation
length will be about 2.5 A in a close packed mono-
layer. This suggest an activation volume of ca 50 A?,
implying that 30 to 120 molecules may be involved
in experiencing the driving stress. This raises the
possibility of slip resulting from localised dislocation
motion, as deduced for plastic flow of metals.

In mechanochemistry, Gosvami et al. [127] calculated
an activation volume for ZDDP tribofilm formation
of 3.8 A% but this value presumed the driving force
was pressure. If it were shear stress then, assuming a
friction coefficient of 0.1, the shear activation volume
would be 38 A%. Zhang and Spikes [135] determined
an activation volume value for ZDDP of 180 A3, It is,
of course, extremely unlikely that the two ZDDPs
studied by Gosvami and Zhang were the same.
For breaking of the Si-O bond Felts [130] found an
activation volume of 11 A® but it is not clear whether
this was calculated on the basis of pressure or shear
stress as the driver. Yeon et al. [131] calculated an
activation volume of 7.8 A3 for tribopolymerisation of
allyl alcohol. If we assume an activation distance of
about 1 to 2 A, corresponding to a covalent bond length,
these values yield activation areas that are reasonably
representative of the areas of single molecules.

As already mentioned, the values of activation
volume estimated for plastic deformation of metals
are much larger than for most other applications of
stress-augmented thermal activation. This is because
plastic deformation involves the motion under stress
of 2D structural entities consisting of many atoms, so
the activation dimensions are considerably larger. They
can thus be regarded as meso-scale stress-augmented
thermal activation models. This is especially evident
in Becker’s [6] model which involves a bulk property
of the material, its elastic modulus, but is also the case
for Kauzmann’s model [13].

8.3 Forms of stress

While it may be reasonable to use shear stress
in stress-activated models of friction, rheology, and
plastic deformation, it is probably less appropriate in
the context of mechanochemistry. Here it is generally
believed that tensile forces act on atom-atom bonds
to promote bond breaking, so rate equations should
really be based on tensile stress or force. Unfortunately,
we currently do not have reliable ways to measure
the tensile forces imparted to lubricant molecules from
the shear stresses present in asperity-asperity or EHD
contacts. The rate equations employed in Refs. [127-132]
all implicitly assume proportionality between shear
force and tensile force. The issue is complicated by
the fact that we need to consider the tensile forces
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experienced by molecular bonds at surfaces, which
may well be different from those in the bulk. Thus,
based on their modelling work, Yeon et al. noted [131]:

“It appears that anchoring one molecule to the surface
helps transfer the mechanical force or action from the solid
surface to the other molecule being reacted.”

Another stress that should be considered is normal
pressure. As outlined in Section 5, some researchers
include a pressure term in the stress-activated rate
equation, as shown in Ward’s Eq. (18) and Briscoe and
Evans’ Eq. (31). Here the applied hydrostatic pressure
is assumed to influence the rate of the process via
a pressure activation volume. For friction this term
is generally considered to be negative since slip is
assumed to require a local, albeit very small, motion
away from the counter-surface against the applied
pressure. Hirst and Moore also included a negative
pressure activation term in addition to a positive
shear activation one in their EHD friction analysis [54].
Nowadays in EHD this tends to be subsumed in the
highly pressure-sensitive Newtonian viscosity term as
in Egs. (24) and (27) while the Eyring stress is generally
also found to increase linearly with pressure.

In mechanochemistry, the sign of a pressure term
should depend on the volume change associated with
bond breaking and Gosvami et al. implicitly assume
there to be a reduction in volume for ZDDP film
formation by their use of pressure as the reaction
driver [127]. It should also be noted that although
shear stress has been subsequently been shown to
drive ZDDP tribofilm formation [135] this does not,
of course, mean there might not also be a pressure
activation term, and further work needs to be done
to establish this. This would be very difficult to do in
boundary lubrication conditions where normal pressure
and shear stress are coupled, but should be feasible
using Zhang and Spikes EHD approach [135], where
they can be varied independently by changing the
solvent friction.

8.4 Forward and reverse reactions

It should be clear from the above that although both
the Prandtl and Eyring models of stress activation
include both forward and reverse terms, to give, in
Eyring’s case the dependence of rate on sink(stress),
in practice in most experimental studies only the

forward reaction appears relevant in that the rate is
found to depend exponentially on stress. There are a
few exceptions, notable in EHD rheology [54, 59], very
high temperature plastic deformation [32, 141], and
very low speed friction modelling [101], but generally
the reverse term is negligible. This can be understood
by considering Eq. (7) based on a stress activation
volume

k.o oc sinh(Av/k,T) (43)

If 7Av/ksT is greater than about 1.5 then the sinh( )
term becomes practically equal to 0.5exp(7Av/k,T),
so that rate increases exponentially with stress. The
sinki() dependence will thus only become evident if
Av/ksT is below this level. At a representative tem-
perature of 60 °C this would imply that 7Av should be
below about 5 x 10 m. In both EHD and boundary
friction, activation volumes are typically 100 to 6,000 A3,
suggesting that then sink( ) dependence of rate on
stress would be evident at shear stresses below some-
where between 1 and 50 MPa. These shear stresses are
commonly present in relatively low load EHD contacts,
so a sinh dependence may be seen, but are not usually
found in boundary friction, where shear stresses at
asperity contacts are generally much higher.

In mechanochemistry of course, another factor
militating against a significant reverse reaction rate is
that the thermal activation energy barrier is generally
lower in the forward than the reverse direction.

8.5 Force-displacement relationships

So far, almost all of this review has assumed the
simplest form of the stress-augmented thermal
activation equation, i.e., the applied force reduces the
stress activation energy linearly with displacement,

x, so k, = Ae /A kT

. This is, however, only an
approximation and two subtly different refinements
have been applied: one by adopting more accurate
solutions of the balance between the applied force
and the potential field with which it interacts, the
second allowing the position of the maximum and
minimum of the potential field to be shifted by the
applied force.

Prandtl noted that a linear dependence of activation
energy on displacement, U, = A-Bx, was only an
approximation in his model and that a more accurate
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expression would allow it to vary parabolically so
that U, = c01r1st.(a—x)3/2 [2]. He showed how an
approximate solution could be derived for the jump
probability and thus the dependence of total force on
sliding velocity and temperature using this relationship,
but analysis was complicated and limited [2].

Gnecco et al. [142] applied both linear and parabolic
expressions to sliding AFM models and found that the
linear form of the stress activation energy (Eq. (36))
was satisfactory for low values of force but that a
parabolic form as in Eq. (44) should be used when the
force was close to its critical jump value, F*

AE* (F)=pu(F ~F)" (44)

As well refinements in the potential versus displacement
solution, the effect of applied force on the overall
shape of the potential field has been considered, in
particular allowing for locations of the minimum and
maximum of the potential curve and thus the stress
activation distance to vary with applied force. This
was considered in the context of plasticity in 1975
when Kocks et al. used a Taylor expansion to examine
the impact of allowing the total activation energy to
vary non-linearly with both stress, o, and apparent
activation area [38]. They concluded that a linear
dependence of total activation energy on both stress
and activation area was valid so long as the stress did
not approach the maximum plane glide resistance.

The influence of applied force on the activation
distance has also been considered in the context of
mechanochemistry in what is generally known as the
extended Bell model [143]. This takes account of the
applied force shifting both the potential minimum
and maximum as shown schematically in the potential
diagrams in Fig. 19, where ¢ is the reaction path
coordinate, the solid line is the potential when no
force is present and the dashed line shows the effect
of applied force. According to extended Bell theory,
the total activation energy V(F) at applied force F is
given by

2

V(F)= V(O)—FAx—%(;(T -7) (45)

where V(0) is the thermal activation energy, and
and yr are the compliances of the molecule in its

VeolFy =0)

—

\\ Vio(Fy=0) = Fyé

\
\.//

5-—.

Fig. 19 Effect of a constant stretching force on a given reaction
profile. Reproduced with permission from [109]. Copyright ACS,
2012.

initial and transitions state (i.e., at the minimum and
maximum positions of the potential barrier). The
product Fy is the distance these positions move due
to the applied force.

Furlong et al. have explored the impact of the shape
of the potential field on sliding friction behaviour
[144], while Tysoe has recently provided a detailed
discussion of the influence of applied stress on activation
barriers and interpreted experimental mechanochemical
results using advanced expressions for the activation
energy [145].

8.7 Prandtl and Eyring

It is of interest to compare Prandtl’s and Eyring’s
models. This was done in some detail in Ref. [16] and
so is only briefly summarised here. Although both are
based on stress-augmented thermal activation they
are fundamentally different in two aspects. Firstly,
Prandtl considers the transition across a potential
barrier of a finite number of particles. This means
that his rate of transition varies as the population of
particles on either side of the barrier changes. This
gives the x and (1-u) pre-factors in Prandtl’s Egs. (14)
and (15) and it is these that make solution of these
equations difficult. By contrast, Eyring essentially
assumes a very large ensemble of particles, so large
that the number of particles available to transit is
invariant and effectively the same in both directions.
This results in Eq. (7) where the forward and reverse
exponents appear without pre-factors, making the
equation much more tractable. It is perhaps a pity
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that Prandtl did not realise this simplification but his
use of varying population levels either side of the
transition did enable him to apply his model to stress
relaxation as well as steady state plastic flow.

Models of AFM friction illustrate the extreme of
Prandtl’s approach in that only one particle (the AFM
tip) traverses an energy barrier [91]. Schallamach’s
revised model which involves the formation and
breaking of junctions also has similarities with Prandtl’s
approach since it takes account of the varying fraction
of surviving junctions during sliding [76].

The second main difference is that Prandtl assumes
that his sliding particles are elastically constrained
so that their displacement is proportional to the
applied force. Eyring however implicitly assumes that
the constraining force on his particles is independent
of their displacement—in effect being constrained by
a constant force spring. Eyring’s assumption has been
embedded in most subsequent work, but Becker’s,
Schallamach’s, and AFM friction models involve elastic
constraint.

8.8 A caveat

This review has concerned the application of the
concept of stress-augmented thermal activation to
develop atomic-scale models of plasticity, friction,
tribochemistry, and wear. Before concluding, it is
important to note that, while evidently operative
in many cases, this should not be regarded as the
only mechanism underlying these phenomena. Thus
while many processes exhibit the relationship stress
o log(rate), others do not. For example in EHD at high
strain rates most simple liquids show friction that
increases with log(strain rate) in isothermal conditions,
but traction fluids reach a constant value [146]. In
boundary friction Briscoe and Evans found that fatty
acid films showed friction proportional to log(sliding
speed) but this was not the case for fatty acid soaps [84].
Campen et al. showed that the friction-speed response
depended on whether the adsorbing surfactants could
form close-packed monolayers [87]. Drummond et al.
showed that friction as only proportional to log(sliding
speed) up to a critical speed [88]. These suggest that the
applicability of stress-augmented thermal activation
has a finite scope. Of particular interest is to understand
when and why it ceases to be applicable rather than

only studying conditions under which it seems to be
prevalent.

It is also possible that other mechanisms that con-
trol rheology and friction may give observed stress
o« log(rate) behaviour. It has already been noted that
network-based rheology models might do this in
some cases in the context of EHD friction. The problem
then becomes to develop experimental ways of
distinguishing between mechanisms. This was done
in the field of tribochemistry where a designed
experimental approach showed that shear stress
(and not many alternative drivers) almost certainly
controls ZDDP reaction rate [135]. But this does not
mean that all tribochemical reactions are driven by
stress. Indeed, almost all the factors listed in Section 6.4
are likely to, and in most cases have been shown to,
accelerate tribofilm formation under some conditions,
the only exception to date being non-Boltzmann energy
distributions.

In summary, stress-augmented thermal activation
almost certainly plays a key role in controlling some,
and probably many, friction, tribochemical, and wear
processes but the range of conditions over which it is
important is finite and other processes may compete
with or complement it and cannot safely be ignored.

8.9 Future directions

How is the concept of stress-augmented thermal
activation likely to develop within Tribology in the
near future? Clearly, from the scientific viewpoint,
the most important issue is to fully test that the
underlying principle of atomic and molecular response
due to a combination of temperature and stress is valid.
Experiments at the individual atomic and molecular
scale are difficult, so the most promising approach is
to use molecular dynamics simulation to test whether
the patterns of behaviour assumed in stress-augmented
thermal activation models do actually occur, i.e., when
shear and sliding boundary conditions are imposed,
are atoms or molecules with thermal energy induced
by shear forces to translate past their neighbours to
an extent that matches Prandtl’s or Eyring’s model?
And when a very thin molecular layer is sheared, do
the forces transmit to molecules at surfaces stretch
and break their covalent bonds in the fashion by
mechanochemistry? Crucially molecular dynamics is
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able to determine the actual shear and tensile forces
experienced by molecules in sheared systems and
relate these to the overall ensemble shear stress. A few
such simulations of this types have already been made
and many more are likely in the near future.

At the experimental level things are more difficult.
In the area of EHD friction, one problem has always
been that, while we know the shear forces on the
two bounding solid surfaces and also the velocities of
these surfaces, this does not tell us how the fluid film
shears between them. Does the velocity within the
fluid vary linearly across the film (Couette flow) as is
commonly assumed when estimating the shear rate,
or during shear thinning is there shear localisation
such as plug flow or a slip band? Without such
information it is not possible to test Eyring’s shear
thinning model fully, or indeed other rheological
models. This issue may be addressed via molecular
simulation [69] but a recent, complementary experi-
mental approach is phosphorescence imaging, where
the velocity of the fluid across a thin EHD film can be
profiled from the convection of a small, laser-excited
column of fluid within the film [147].

In terms of tribofilm formation, it is very likely that
studies will be made in the next few years on many
more additive systems to test whether film formation
rate depends on stress and temperature as predicted
by stress-augmented thermal activation. Unfortunately,
such measurements do not resolve the problem of
distinguishing the impact of shear stress and normal
pressure since, as discussed in Section 8.3, these
are always strongly coupled. They can, however, be
decoupled using the EHD film approach outlined in
Section 6.4 and this approach should provide useful
information about mechanochemistry in general, and
the separate influences of shear stress and pressure in
particular, over the next few years. Another possibility
is to measure covalent bond stretch in high shear stress
contacts using a spectroscopic method. This has already
been done in some solid-state systems, e.g., Ref. [148],
but is technically difficult for very thin films because of
the limited number of active centres, and thus the very
weak signal. Another possible avenue would be the
application of nano-manipulation methods, already
developed for chemical studies [109], to investigate the
properties of single lubricant additive molecules on

surfaces, such as the strength of metal-ligand bonds.

In the context of friction, single contact studies
would appear to be a useful way forward, but ideally
using stiffer supports than those usually employed
in an AFM. Such studies, in parallel with very well-
defined surfaces such as Langmuir Blodgett films or
single crystals, should help determine the boundaries
of stress-induced thermal activation.

9 Conclusions

This paper has described the origins of stress-
augmented thermal activation and has outlined its
application to Tribology. This concept has provided
the basis of a series of closely-related, atomic-, and
molecular-based models to explain and predict plastic
flow, EHD friction, solid-solid friction, tribochemistry,
and atomic-scale wear. The key prediction of these
models is that the rate of the process involved (flow,
sliding, covalent bond breaking, or atom/ion removal
from a surface) increases exponentially with shear
stress, so that the stress increases with the logarithm
of the rate. For example, it is very often found that
friction rises logarithmically with sliding speed in EHD,
polymer, and boundary friction while tribofilm forma-
tion and polymer scission rates increase exponentially
with shear stress.

One area of application that is growing very rapidly
is tribochemistry, where several recent studies have
suggested that the formation of several types of reaction
films on rubbed surfaces is driven by stress-augmented
thermal activation. This type of tribochemistry is now
often termed mechanochemistry. In principle, both
normal stress (pressure) and shear stress might drive
mechanochemical reactions and one problem in such
studies is to distinguish between the effects of these
on reaction rate, since pressure and shear stress are
general coupled in dry or boundary lubricated sliding
conditions. A recent study has shown how these can
be decoupled using a thick film rolling-sliding EHD
contact with solvents having very different friction
coefficients and this has indicated that shear stress is
the key driver in ZDDP tribofilm formation.

The fundamental importance of the stress-augmented
thermal activation concept is that it provides a link
between the nano-scale behaviour of individual atoms
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and molecules and macro-scale responses such as
friction and wear. Some future possibilities in research
on stress-augmented thermal activation have been
outlined. Modern non-equilibrium molecular dynamics
simulation methods offer the possibility of validating
and exploring further the implications of this mechanism
and, indeed, converting such simulations into useful,
generalised tools for predicting how molecular
structure and surface properties influence macroscale
performance. In future, such tools hold the promise
of enabling the design of molecules and surfaces for
optimised friction and wear performance much more
efficiently and rapidly than is currently possible by
trial and error.

Finally, it is concluded that stress-augmented thermal
activation offers a guiding and unifying principle for
explaining many of the processes that take place in
sliding tribological contacts.
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