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Abstract

The friction behavior of metals is directly linked to the mechanisms that accommodate deformation. We examine the links
between mechanisms of strengthening, deformation, and the wide range of friction behaviors that are exhibited by shearing
metal interfaces. Specifically, the focus is on understanding the shear strength of nanocrystalline and nanostructured metals,
and conditions that lead to low friction coefficients. Grain boundary sliding and the breakdown of Hall-Petch strengthen-
ing at the shearing interface are found to generally and predictably explain the low friction of these materials. While the
following is meant to serve as a general discussion of the strength of metals in the context of tribological applications, one
important conclusion is that tribological research methods also provide opportunities for probing the fundamental properties

and deformation mechanisms of metals.
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1 Introduction and Historical Perspective

The friction of bare metal contacts is of significant interest in
the electrical contact community, where bare sliding metal
contacts are ubiquitous in applications ranging in size from
microswitches in mobile phones and ethernet cable connec-
tors to slip rings in wind turbines and industrial-scale power
generation systems. In these applications, many traditional
lubricants would lead to an impractical decrease in electrical
conductivity (i.e., an increase in contact resistance), com-
pelling the use of pure, bare metal-on-metal contacts. The
majority of these contacts consist of lightly alloyed gold,
referred to throughout the community as “hard gold,” [1,
2] because of sub-percent additions of alloying elements
that promote a finer, more thermodynamically stable grain
structure with higher hardness [2]. In 2017, the amount of
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gold used in technological applications was estimated to
exceed 300 metric tons per year, accounting for over 8%
of the global yearly demand for gold. In total, this nearly
matches the amount used by central banks and other institu-
tions [3, 4], and approximately half of this amount is used in
the form of coatings and thin films for electrical contacts [5,
6]. With current prices near $60 USD per gram, it is clearly
of interest to fully understand the origins of friction in metal
contacts, with a goal of designing alloys that reduce friction
and wear, allowing for thinner coatings, greater longevity,
and lower cost.

1.1 Early Studies of Metal Friction

In general, it would be expected that bare metals brought
into contact would cold-weld [7, 8], leading to severe plas-
tic deformation such as galling wear upon shearing [9, 10].
However, as will be discussed in detail below, it is, in fact,
possible to achieve low friction with bare metal sliding con-
tacts, although the mechanisms behind this phenomenon
were unclear until recently. Metals tribology has been an
active field of research since Amontons's work on the fric-
tion of copper, iron and lead, presented to the Académie
Royale in 1699, although these surfaces were coated with
pork fat, and therefore not bare [11]. One of the earliest
recorded studies of the tribology of bare metals is from the
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late eighteenth century, when Hatchett and Cavendish were
appointed to study gold coinage in the United Kingdom with
a goal of understanding the origins of the sometimes sub-
stantial wear [12]. In this study, the two primary questions
were (1) whether pure, soft gold wears faster than alloyed,
hard gold (which, notably, was defined as alloys contain-
ing up to about 8% of elements including cobalt and nickel,
similar to the hard gold alloys in use today) and (2) whether
flat (smooth) or raised (rougher) surfaces wore faster. In gen-
eral [12, 13], this work concluded that there was an inverse
relationship between wear rate and ductility of self-mated
gold contacts, and that softer metals wore fastest when in
contact with harder metals. Finally, only a slight increase in
wear was found for embossed coins.

A more thorough investigation of wear, or “the friction of
attrition,” was undertaken by Rennie [14] who studied the
force required to move (a) blocks on flat surfaces and (b)
axles with and without lubricants, with either matched (self-
mated) or differing materials (see Fig. 1). A wide variety
of metal contacts were tested, including cast and wrought
iron, soft steel, brass, tin, and gun metal, and it was found
that friction varied with hardness, with harder metals having
lower friction. Rennie cited Hatchett and Cavendish’s work
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as further proof that harder metals show lower friction and
wear than soft ones. Interestingly, this relationship between
hardness and friction is often still used as the basis for engi-
neering design of sliding metal contacts.

These and other early measurements of friction only
considered the average force necessary to start or main-
tain motion, and it was not until Bowden and Leben’s work
[15] in 1938 that the fluctuations in friction during sliding
were first examined (see Fig. 2). This work showed that sur-
faces in general, including metals, tend to exhibit stick—slip
motion during sliding, a term that was coined in that paper
and is still in use today. Many lubricants including mineral
oil were used to achieve continuous motion, but in this early
work only long-chain fatty acids seemed to provide adequate
lubrication. A subsequent paper examined the adhesion
between clean metals surfaces [8], including cold welding of
metal surfaces and the associated increase in static friction.
The authors discussed the changes in adhesion due to surface
films, including adsorbed organic species and oxides, and
interestingly included a reference to earlier work by Ewald
et al. [16] stating that friction between clean, polished sur-
faces in a vacuum (though metals are not specifically men-
tioned) can be very small. Bowden and Tabor continued
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Fig. 1 Depiction of Rennie’s 1829 friction testing apparatus [14]
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Fig.2 Earliest known example of metals friction data, showing
stick—slip behavior of copper sliding against steel, reproduced from
Bowden and Leben in Nature, 1938 [15]

their work on metals friction, proposing a mechanism of
friction between metals by recognizing that the true contact
area is determined by the applied or surface-normal load.
This resulted in the constitutive equation, y = g, where p is
the friction coefficient, 7 is the shear strength, and ¢ is either
the normal contact pressure or, as a bounding limit, the flow
strength of the material [17] (we expand on this relation-
ship, below). Bowden and Tabor cite a similar relationship
attributed to Rabinowicz [18] from the proceedings of the
“Conference on Friction and Surface Finish,” in 1940.
While many studies of friction between metal surfaces
exist, demonstrations of low friction, loosely defined here
for metals as u< 0.5, were rare for several decades following
this early work, and only seemed to be mentioned in passing
[8, 16, 19] as a curiosity. More recent work investigating
this phenomenon will be discussed below, but as Bowden &
Tabor point out [17], metallic friction is a surface effect, and
it is therefore important to understand the effects of surface
treatments, shear in particular, on the surface microstructure.

1.2 Surface Microstructural Evolution—The Beilby
Layer

Sir George Beilby’s seminal studies of the surface of polished
metals showed that the surface layer has a grain structure dif-
ferent from that of the bulk material, but concluded that there
was no observable crystallinity, and that the surface was,
instead, vitreous or amorphous [20]. Beilby proposed [21]
that this distinct surface layer was formed through localized
liquefaction (or fluid-like molecular flow) followed by rapid

cooling to an amorphous state, and noted that the hardness of
the surface increased after polishing. Adam [22] commented
in 1927 that this phenomenon did not require actual melting,
as random rearrangement of atoms near the surface would
have the same appearance as a supercooled liquid. Finch,
Quarrell and Roebuck [23] performed experiments on various
metals and agreed with Beilby’s ideas of molecular flow. In a
simple calculation, Bowden and Hughes [24] showed in 1937
that the frictional energy released during a typical polishing
operation is many orders of magnitude larger than that needed
to generate a melt layer with a thickness comparable to the
observed Beilby layer. However, in contrast to these works
supporting Beilby’s claims, much of the early discussion in
the 1930s concluded that there were, in fact, nanocrystalline
grains formed on the surface. The controversy surrounding the
nature of the Beilby layer continued into the later parts of the
century, with studies on steel [25] and copper [26, 27] spe-
cifically stating that no Beilby layer was found on deformed
metal surfaces. The development of the transmission elec-
tron microscope (TEM) in 1928 was crucial to understand-
ing the formation of nanocrystalline surface films, and while
Hamburger [28] in 1932 claimed to have been able to resolve
aggregates of size ranging from 3 to 30 atoms, the first TEM
image of a polished gold surface was not shown until 1938 by
Cochrane [29], who estimated the surface grain size to be on
average 2-3 lattice constants, or approximately 8—12 A. Note
that this range of grain sizes is close to the critical grain size
proposed for gold surfaces by a recently developed predictive
model [30], below which the shear strength is expected to
decrease rapidly, as discussed in Sect. (3.2). Further discus-
sions of nanocrystallinity at a polished surface can be found
in Bowden and Hughes [24, 31], who in 1937 commented that
there may be little point in distinguishing between amorphous
and microcrystalline surfaces, and Buckley [32], who com-
mented that the Beilby layer is the result of repeated defor-
mation-induced grain refinement and recrystallization at the
surface (not melting, as originally proposed by Beilby [20])
resulting in very fine grained material.

In addition to a change in the microstructure at the sur-
face, it has also been clear for some time that different layers
appear in a metal below the surface following deformation.
The first discussions of the various surface layers were pub-
lished in 1932 by Nieberding [33], who showed changes in
the microstructure of aluminum during cutting and indenta-
tion (see Fig. 3), and Hamburger [28], who in his work on
the Beilby layer mentions that the microstructure showed a
continuous change from the small crystallites at the surface,
through a thick layer, and finally to the bulk material.

It appears that the connection between microstructural evo-
lution under frictional loading and the Beilby layer formed by
polishing, whether amorphous or nanocrystalline, was only
explicitly stated recently [30, 34, 35]. Goddard et al. [36], who
also made an early connection between hardness and friction
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Fig.3 Early cross-sectional metallurgical analysis showing defor-
mation layers after indentation, reproduced from Nieberding,
Maschinenbau, 1932 [33]

for metals [37], discussed the changes in microstructure in FCC
metals under abrasive load and found that the surface consists
of “randomly oriented fragments.” Interestingly, this work also
discusses the changes in the material under the surface as con-
sisting of distinct layers, with thicknesses of 0—5 nm, 5-10 s of
nm, 10-100 s of nm, and transitioning below that to a coarser
grained bulk. In general, though, this work was focused on the
orientation of the grains after sliding rather than a quantifica-
tion of grain sizes. As pointed out nearly two decades later by
Ohmae, Tsukizoe and Akiyama [38], this was likely due to the
difficulty in preparing TEM samples from worn surfaces, which
are typically rough and irregular.

The remainder of this review explores the relationship
between deformation mechanisms and friction behavior of met-
als, specifically highlighting the formation of interfaces with
extremely refined grain sizes under sliding contact, with a cor-
responding reduction in friction coefficients and wear rates. As
the field of deformation-induced microstructural evolution and
its relationship to materials properties is extremely heavily pub-
lished, it is necessary to focus on work that establishes a link
between microstructure and friction. We mostly restrict the dis-
cussion to contact conditions where the competing phenomena
of shear-induced grain refinement and growth of metallic inter-
faces are dominant, avoiding, for example, regimes that lead to
frictional melting, or experiments in reactive environments that
lead to the formation of thick oxide or mixed metal-oxide films;
in those cases, friction behavior is not meaningfully linked to
the deformation mechanisms of crystalline metals.

2 Effects of Microstructure on Mechanical
Properties

The theoretical strength of a defect-free metal crystal

(rth) was first estimated by Frenkel [39] in 1926 as the
ratio of its shear modulus (G) and a geometric constant
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associated with the periodicity of the atomic spacing,
Ty & % This model was subsequently refined, predict-
ing slightly smaller strengths [40, 41]. However, measured
strengths are still typically much lower due to the presence
of defects, such as crystal lattice dislocations, that them-
selves create energetically more favorable conditions for
the creation or nucleation and annihilation of more defects
[42-45]. Conversely, metals can also become stronger
due to interactions between defects, including vacancies
or interstitial atoms (point defects), dislocations (line
defects), grain boundaries (planar defects) and/or particle
inclusions (volumetric defects), that act to impede their
motion. The increase in shear strength (Az) with defect
density follows a general scaling law, corresponding to
a ratio of the force (F) required to overcome the energy
barrier due to dislocation-obstacle interactions and a char-
acteristic length-scale parameter (e.g., the magnitude of
the Burgers vector, b) multiplied by the average distance
between obstacles (L) [46, 47], At = b—FL.

In 1934, Taylor [48] derived a general equation for the
strengthening that occurs in metals as a function of dislo-
cation—dislocation interactions, where the increase in shear
strength was given as, At; = aGb\/ﬁ . The parameter a is a
constant that describes the type of dislocation interaction
[49], G is the shear modulus, b is the Burgers vector, and p
is the dislocation density, assumed to be randomly distrib-
uted. The same year, Orowan [50] and Polanyi [51] derived
similar expressions to describe the strengthening due to
interactions between dislocations and hard particles. In
the 1950s, Hall [52] and Petch [53] independently showed
that the yield strength of materials in simple tension var-
ies with grain size according to the empirical relation-
ship, 6, = 6 + k - d~'/?, where 6, and k are material- and
temperature-dependent constants, and d is the grain size.
The relationship between yield strength in uniaxial tension
(ay) and pure shear (Ty> is given as, 0, = \/5 - 7,,, follow-
ing Maxwell-Huber-von Mises-Hencky (distortion energy)
theory [54-57].

Even though the effects of microstructure and its evo-
lution (including grain size, defect density and type, and
their creation and motion) on the friction behavior of met-
als were not well understood until recently, it has been
clear for some time that these are fundamentally linked
to mechanical properties like strength. Nanocrystal-
line pure metals and alloys, which have a high density
of grain boundaries, can have exceptionally low friction
and high wear resistance [1, 58—75]. Even initially pure,
coarse grained metals can be driven to extreme refine-
ment and low friction and wear during sliding [30, 58,
76-80], where the Hall-Petch effect again becomes critical
to understanding the strength of shearing metal interfaces
[30]. The details of the Hall-Petch effect are beyond the
scope of this review, and have been the subject of a recent
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comprehensive review by Cordero, Knight and Schuh [81].
However, it is important to note that there is a crucial flaw
in the Hall-Petch formula, namely the implication that the
yield strength or hardness of a material increases indefi-
nitely as the grain size becomes smaller—a result that is
clearly unphysical. It is therefore expected and found that
there exists a grain size, hereafter referred to as the criti-
cal grain size (dc), below which the Hall-Petch relation-
ship no longer holds; this is shown in Fig. 4 for a variety
of experiments and simulations of metals with different
crystal structures [82-90].

Because pure metals with an average grain size on the
order of d, are thermodynamically driven to rapid grain
growth even at low homologous temperatures and low
applied stresses, it is difficult to experimentally probe this
range of grain sizes. Dilute alloying can mitigate grain
growth by thermodynamically and kinetically limiting the
movement of grain boundaries, as explained in Sect. 4.2.
This approach has led to controversy about what relation-
ship truly exists between yield strength and grain size for
pure metals below this critical grain size. As pointed out

FCC Cu and Pd experiments
Chokshi, et al., Scripta Mat., 1989

FCC Cu simulations
Schititz and Jacobsen, Science, 2003

by Cordero, Knight and Schuh [81], however, many experi-
ments and simulations have shown that below a critical grain
size the Hall-Petch relationship is no longer accurate, lead-
ing to what is commonly referred to as inverse Hall-Petch
behavior, Hall-Petch breakdown, or Hall-Petch softening
[76, 81, 83, 85, 86, 91-101]. As we will discuss below,
because tribological sliding contacts typically experience
persistent, high strain rate deformation at the sliding inter-
face, the competing kinetics of grain refinement and growth
present a tantalizing opportunity for studying this phenom-
enon in pure metals.

The proposed explanation for the grain size-dependent
transition between two different deformation and strength
regimes (i.e., Hall-Petch strengthening above and softening
below the critical grain size) is related to the energetics of
dislocation activity in nanocrystalline grains. Transitions in
strength implicitly include shear strength, and thus are also
directly linked to friction regimes, as discussed later. In FCC
metals with grain sizes too small to accommodate intragran-
ular dislocation nucleation mechanisms, as with Frank-Read
sources [42], the emission of partial dislocations from grain

FCC Ni experiments
Erb, Nanostructured Matls., 1995
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Fig.4 Evidence of Hall-Petch breakdown and inverse Hall-Petch behavior for face-centered cubic (FCC), hexagonal close-packed (HCP), and
body-centered cubic (BCC) metals, reproduced from various references [82-86]
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boundaries becomes favorable [102—104]. Specifically, lead-
ing partial dislocations are emitted from grain boundaries
and, depending on parameters including crystal structure and
grain size, travel across the grain and are either absorbed by
the opposing grain boundary or followed by the emission of
a trailing partial dislocation, creating a stacking fault [45,
105, 106]. The size of the stacking fault, which is dependent
on the applied stress, is the splitting distance between the
partial dislocations. The relationship between this splitting
distance and the grain size determines whether the gener-
ated dislocations can accommodate the applied stress or
not. These relationships have been extensively explored
in publications by Yamakov et al. [103], and Frgseth et al.
[105], and are beyond the scope of this review. While some
disagreement exists in the literature [105], Yamakov et al.
[103] claim that as the grain size decreases dislocations
become harder to generate and move until the critical grain
size is reached, and the deformation mechanism changes
from dislocation mediated to grain boundary sliding. It is
this change in deformation mechanism that leads to the
crossover between Hall-Petch strengthening (dislocation
mediated) and inverse Hall-Petch softening (grain bound-
ary sliding). Recent work, however, has demonstrated that
exclusively separating deformation into these two regimes
is overly simplistic, and that both mechanisms contribute to
strength [90].

To better understand the relationship between grain size
and splitting distance, it is worthwhile to briefly review the
underlying theory. By balancing the forces between glissile
(mobile) Shockley partial dislocations, Frgseth et al. [105]
show that the splitting distance for pure edge dislocations r,
can be reduced to,

2 +)GB?

R 1
(1 = v)yep M

e

where v is Poisson’s ratio, G is the shear modulus, bp is the
magnitude of the Burgers vector for the partial dislocation,
and y¢ is the stacking fault energy. The splitting distance is
affected by applied stress as [103, 106],

-1
r:@<1—§1> @)

where o is the applied shear stress, and the parameter o is
the shear stress at which the partials are split infinitely far
apart, representing a theoretical maximum shear strength
limit [103]; this stress is given by 27% [105]. Yamakov
et al. combined the splitting distance, shear strength limit
and an estimate of the nucleation stress for dislocations
in the nanocrystalline regime [107], o, é, where o, is
the nucleation stress and d is the grain size, to develop a
deformation map (see Fig. 5) that generally describes the

@ Springer

different regimes of stress and grain size that lead to either
dislocation-mediated plasticity (DMP) or grain boundary
sliding (GBS) as the dominant deformation mechanism [93,
103]. The details of GBS as it applies to friction will be
discussed in detail, below. Note that in Fig. 5, r, is the same
as r, in Egs. 1 and 2, above. This deformation mechanisms
map, while useful, is purely static (time independent), and
we describe how this map has been recast for use in time-
dependent tribology below.

The analysis above, even considering disagreements sur-
rounding the actual mechanics, shows that a change in grain
size in the nanocrystalline regime can affect the available
deformation mechanisms. The connection of these mech-
anisms to tribological processes is through the effects of
repeated or cyclical shear stresses on the grain structure.
From the work of Beilby and those either confirming or
refuting his ideas, it is clear that shear at the surface—
whether from polishing or sliding metal contacts—can lead
to a distinct change in the surface microstructure of a metal.
The widespread availability of TEM has also shown that
metal contacts with low friction are commonly associated
with the formation of an ultra-nanocrystalline (rather than
amorphous) surface film. The work of Yamakov and others
on the inverse Hall-Petch effect shows that extreme grain
refinement comes with an associated change in deformation
mechanism from DMP to GBS, with a concomitant change
in the strength of the material in this region. However, it is
also well known that applied stress will cause coarsening of
metallic microstructures [46, 77, 108, 109], leading to the
questions of what conditions lead to extreme refinement at
the surface and when this phenomenon dominates.

Theoretical shear-strength limit

08

g 06

iy snoydiouny

04

Perfect dislocation slip

. GB-mediated deformation

0.0 0.2 0.4 0.6 0.8 1.0 12
rfd

Fig.5 Deformation mechanism map as a function of reduced stress
and grain size, reproduced from Yamakov et al., Nature Materials,
2004 [103]
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2.1 Effective Grain Refinement Via Dislocation Cells

As discussed earlier, in nanocrystalline FCC metals leading
partial dislocations are emitted from grain boundaries and,
depending on the crystal structure and grain size, can travel
to an opposing grain boundary before the trailing partial is
emitted. If this occurs, an extended stacking fault remains
in the grain, pinned to the grain boundary where it origi-
nated and terminated on the other end by a partial disloca-
tion [103, 105, 106]. It is well known that stacking faults
can act as barriers to slip [110, 111]. When the stacking
fault energy is low, the separation between dislocations is
large, and cross-slip becomes more difficult in small grains.
Additionally, dislocation networks can act as an obstacle to
intragranular deformation, effectively analogous to smaller
grain size in terms of strengthening. Dislocations tend to
aggregate to form forest dislocation arrays which can, in
turn, transform into dislocation cells or grain sub-boundaries
upon further deformation. Further applied stress can then
cause these sub-boundaries to rotate, leading to subgrain
hardening [112].

This grain refinement mechanism has been studied in
the recrystallization literature, where it has been shown that
subgrains and dislocation arrays can lead to a more equiaxed
microstructure with a steady-state grain size that depends
on material properties and strain rate [112, 113]. As early
as 1967, McQueen et al. discussed the development of a
substructure that does not change with further deformation
[114], and showed a linear relationship between subgrain
size and the Zener-Hollomon parameter [115] (see Fig. 6).
The average cell size has also been linked to an extrusion
stress and deformation rate [114], flow stress during defor-
mation [116] and the applied shear stress [117-119].

From ball- and cryo-milling studies, it is believed that
these subgrains transform through grain rotation first into
low-angle (more ordered) and then into high-angle (less

ol |
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The relation of the subgrain size to the deformation conditions producing it.

Fig. 6 Relationship between subgrain size and strain rate, reproduced
from McQueen et al., 1967 [114]

ordered) grain boundaries, forming a nanocrystalline
structure [120-123]. Once the nanocrystalline structure is
formed, it is then possible—assuming the grains are smaller
than the critical grain size—for applied deformation to be
accommodated through grain boundary sliding.

2.2 Stress-Driven (i.e., Non-diffusive) Grain
Boundary Sliding and Friction

Sliding contacts are arguably a useful method to test these
theories. For polished metal surfaces, with average surface
roughness that can be less than 50 nm, it is possible to apply
contact stresses that do not exceed the bulk flow stress, at
least for a limited time. In the absence of lubrication, and
at sliding speeds that cause a negligible increase in surface
temperature [124], severe plastic deformation will occur
readily [125]. Additionally, it has been widely observed
that deformation is highly contact interface/surface-local-
ized [126] during shear of metals at low speeds and contact
forces, leading to high strain rates, with 10? s~! being an esti-
mate of strain rate for a contact with a Hertz radius of 10 um
sliding at 1 mm/s [125]. The high strain rates and short time
span between contact events during cyclic sliding leads to
the rapid formation and persistence of an ultra-nanocrystal-
line (or near amorphous) surface film. The persistence of
this highly refined layer (with the understanding that it is
the average grain size that persists, rather than the individual
grains themselves) can obviate issues regarding the stabil-
ity of nanocrystalline grains and maintain the surface mate-
rial in the inverse Hall-Petch regime, where, as discussed
in detail above, grain boundary sliding is expected to be the
dominant deformation mechanism [34, 127].

In this case an interesting link appears between low fric-
tion in metals and superplasticity, a phenomenon in which
pure grain boundary sliding has been proposed as the mech-
anism that allows some metals to be deformed (in tension) to
extremely high strains, typically at high temperatures. One
remarkable example is nanocrystalline bulk copper that was
extended to over 5000% strain at room temperature [128].
This connection was briefly speculated on in 1983 by Heil-
mann et al. [129]. In the initial stages of shearing contact
between bare metals, cold welding occurs, and grain bound-
aries are formed at the sliding interface [24]. The model
proposed in [30], predicts that low friction can result when
grain boundary sliding becomes the dominant deformation
mechanism.

In 1976, Mohamed and Langdon [130] mapped the dif-
ferent flow mechanisms for two alloys as a function of
normalized shear stress (divided by shear modulus) and
grain size (divided by Burgers vector) (see Fig. 7). The
stresses in metals tribology are generally on the order of
100 s of MPa (see below), and with shear moduli generally
in the 10 s of GPa, the normalized stress is then
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Fig.7 Deformation mechanism maps for Zn—Al and Pb-Sn alloys,
reproduced from Mohamed and Langdon, 1976 [130]

typically ~ 1072, Grain sizes in the inverse Hall-Petch
regime are 10 s of nm, placing low friction metal contacts
beyond the lower right boundary of their published defor-
mation mechanisms map, and clearly in the superplastic
regime [130]. Interestingly, as was mentioned by Langdon
and further studied by Ginter and Mohamed [131], the
average subgrain size formed during creep (and upper limit
for superplasticity) is generally % = 10( §>’ as shown by
the dashed lines in the figures; with the estimates of tribo-
logical shear stresses above, this also places the critical
grain size at less than ~ 100 nm. Solving for shear stress,

G

T=\—=
10

the order of the Burgers vector magnitude (d/b = I; i.e., at
the amorphous limit), the shear stress upper limit for
superplastic behavior is approximately equal to the Frenkel
estimate for the ideal strength of defect-free crystals; this
is an unexpected and likely spurious coincidence.

It is important to note that the grain boundary sliding
discussed here is distinct from diffusive mechanisms, such
as Nabarro-Herring [132, 133] or Coble creep [134], and
will be discussed in detail, below.

The empirical formula [135] used to describe superplas-
ticity relates the flow stress (¢) to a power law of the strain
rate (¢),

%), this also implies that, when grain size is on
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where o, is a critical stress, f is a materials-specific constant
[136], and m is the strain rate sensitivity. Superplasticity
is said to occur when m > 0.3 — 0.5 [136, 137], with pure
grain boundary sliding corresponding to m = 1 [135]; in the
latter case, o, is an aggregate critical shear strength of the
grain boundaries in the system, f is an effective grain bound-
ary viscosity [135], and the equation essentially describes
flow of a Bingham plastic.

2.3 Viscous Grain Boundary Sliding

Many theories of GBS consider diffusional creep mecha-
nisms [138], whereas the GBS discussed here is more of a
viscous nature. The treatment of grain boundaries as viscous
layers likely began with the work of Rosenhain and Ewen
[139], who described an intercrystalline “cement” that was
analogous to an undercooled liquid, a concept that was fur-
ther developed in more recent work by Zhang et al. [140].
This intercrystalline glassy material was said to be continu-
ously forming during deformation, followed by rapid recrys-
tallization when deformation stops, and to act as an interven-
ing viscous liquid that is soft enough to allow deformation to
occur at the boundaries between crystallites. In 1938, Moore
etal. [141] similarly explained creep deformation occurring
through viscous flow at grain boundaries, and their discus-
sion could be interpreted as describing amorphization of
grains under stress; that same year, Kanter [142] described
those experiments as “grains swimming within their bounda-
ries.” K& [143] later showed more experimental evidence of
viscous grain boundaries through low stress torsion experi-
ments on aluminum and proposed a simple activated creep
model. Mott followed with a more detailed model of slip at
grain boundaries, developing an activated model (similar to
those of Prandtl [144] and Tomlinson [145] for friction, and
Eyring [146] for viscosity) that considered melting of ‘small,
mismatched islands of atoms’ at grain boundaries. Mott said
the activation energy for this process, citing Frenkel [147],
is close to the latent heat of fusion; specifically,

T
AF = L<1 - T_m> 4)
where AF is the free energy change, L is the enthalpy of
fusion, T is temperature, and 7, is the melting temperature.
This relationship can be easily derived by calculating the
energy required to amorphize a crystal (see Devereux [148],
pp-21ff, for example). These models [144—-146] assume
an activated process that is either assisted or hindered
by an applied stress, causing both forward and backward
jumps, and resulting in a hyperbolic sine of the stress. This
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functional form appears in many later formulas for grain
boundary sliding. Kauzmann [149] gives the same temper-
ature-dependent energy difference between amorphous (spe-
cifically an undercooled liquid) and crystalline material as
Mott and, in deriving an expression for activated diffusion in
glasses, points out that when the externally applied energy
(shear stress, in the case of friction) is large, the second
exponential representing backward jumps is negligible. In
this case, only the first term (i.e., where external forces lower
the activation barrier) is important.

The heat of fusion was also used as an activation energy
(or to describe the energy difference between amorphous and
crystalline phases) in work by Jackson and Chalmers [150],
who in a description of melting rates added the assumption
that interfacial energies scale with the number of missing
neighbors, Bolling [151] in a model for high-angle grain
boundaries (that also included liquid—solid surface energies),
Moss et al. [152] in a description of amorphous Ge, and by
Spaepen [153], and Thompson and Spaepen [154] as part
of a more complex derivation. Others have used the activa-
tion energy for viscous flow [155] and amorphous diffusion
[156].

The number of models describing grain boundary sliding
increased in the 1990s after experimental demonstrations of
inverse Hall-Petch behavior in Cu and Pd by Chokshi et al.
[82] and Fougere et al. [157], in Cu by Cai et al. [158], in Zn
by Conrad and Narayan [85], and in Ni by El-Sherik et al.
[159] and Erb [84]. Again, as pointed out in the review of
the Hall-Petch effect by Cordero et al. [81], experimental
results in the inverse Hall-Petch regime are quite difficult
to carry out, because grain sizes less than 10 nm in pure
metals are inherently unstable to stress and temperature. For
this reason, many results demonstrating softening are from
alloys, where the alloying constituents pin grain boundaries
and slow grain growth (see below), or from simulations [83,
86, 88,91, 101, 160], where short time scales obviate exces-
sive grain growth. Recent experiments on nanotwinned cop-
per [161]have been shown to reproduce yield strength data
for large grain sizes, and still remain stable in the inverse
Hall-Petch regime, giving results for effective grain sizes
down to 4 nm, though it is not clear that the strengths of
nanotwinned and nanocrystalline metals are the same.

From their data, Chokshi et al. [82] proposed Coble creep
as the mechanism (with a &° dependence for the strain rate),
but this was shown to be incorrect by Nieh and Wadsworth
[162]. In fact, while many models of grain boundary sliding
focus on creep mechanisms with grain size dependencies of
@ or &, the high shear rates of tribological processes (typi-
cally of order 10? s~/) obviate the application of diffusive
mechanisms such as these. We will instead only discuss the
models that consider viscous sliding. Padmanabhan et al.
developed a model for superplasticity and grain boundary
sliding that proposes a threshold stress is necessary to flatten

the interface between grains and effectively create new
boundaries [163, 164]. A similar description of the mecha-
nism, termed cooperative grain boundary sliding (CGBS),
was proposed in, for example [165—-168] (Fig. 8A).

This effect has recently been seen for alloys (Fig. 8B)
and ceramics in experiments and simulations [169, 170].
Van Swygenhoven and Caro [171], however, assumed that
no new boundaries are created and used a slip-dashpot
model with a strain rate dependence of d~’. This model was
later expanded to an Eyring-like model with viscous flow
[160], similar to one proposed by Schonfelder et al. for grain
boundary migration [172]. Parameters for this model were
proposed by Conrad and Narayan [94] to fit the data from
Chokshi et al. [82], and then later used by van Swygen-
hoven and Derlet [173] and Conrad [174]. Conrad’s later
work [174, 175], however, used data from Cai et al. [158]
on nanocrystalline copper. Song et al. developed a “coher-
ent polycrystal model,” in which grains act as particles that
strengthen the grain boundaries, proposing an expression
that is combined with the Hall-Petch response [176]; their
model was fitted to experimental data for Zn, Ni-P and
Ti—Al, and was later used for Zn by He et al. [177]. A differ-
ent model that combines intragranular and grain boundary
mechanisms was proposed by Yang and Ghosh [178], who
use a description of a grain boundary “mantle zone” area.
When grain sizes are on the order of 5-10 times the thick-
ness of grain boundaries, these zones are easily connected,
and stress no longer needs to be accommodated by the inte-
rior of grains. This idea yet again places a critical grain
size at about 10 nm, with the thickness of grain boundaries
assumed to be between 0.5 and 1.5 nm [179].

Wei et al. [180] developed a strain rate-dependent amor-
phous plasticity model describing grain boundary sliding
in FCC nanocrystalline metals. Their model predicts that
intergranular failure along grain boundaries should result
in cavitation at triple junctions and other locations of high
stress, and may explain nanoporosity commonly observed
inside low friction wear tracks of pure metals in inert gas
or vacuum environments [77] (see Fig. 9). As Kumar et al.
[181] explained in an earlier publication, “Triple junction
voids and wedge cracks can also result from grain bound-
ary sliding if resulting displacements at the boundary are
not accommodated by diffusional or power law creep.” This
explains evidence of interspersed nanoporosity in shear lay-
ers only when low friction and grain boundary sliding are
achieved.

Most of these models assume viscous flow at the grain
boundaries, and therefore use an activation energy that is
based on the energy difference between amorphous and
crystalline phases. This energy is usually assumed to be
related to the heat of fusion, L, as this is a measure of the
bond strength of the material. For tribological processes,
the strain rate can similarly be considered as an activated
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Poca \
~ Fig. 4. CGBS during superplastic deformation: (a) fine structure of
the Zn-22%A1 alloy (TEM), (b) scheme of shear band formation in

the initial stage of SP deformation (&= 3%).
i B

Fig.8 A Cooperative grain boundary sliding model proposed and
evidence of intragranular amorphization via shear band formation
initiated at triple junctions, reproduced from Kaibyshev (2002) [166],

process, with an energy barrier that is lowered by the stress.
Note that, as in Kauzmann’s review [149], the sliding contact
can be treated as being driven in the “forward” direction,
assuming that backwards jumps due to stress are negligible,
resulting in a simple exponential rather than a hyperbolic
sine function. Such an expression for strain rate can then
be written as:

AF — rV*)

T &)

E£=¢ exp(
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and B recent experimental and atomistic simulations showing this
mechanism in SmCo5 alloys, reproduced from Luo et al. (2019) [169]

where £ is the strain rate, £, is a fundamental strain rate, AF
is the activation energy, = is the applied shear stress, V" is
the activation volume, 7 is temperature and k is Boltzmann’s
constant. When the grain size is small, the grain boundaries
should be able to form a connected shear layer, as in Yang
and Ghosh [178], and when the grain size increases, stresses
will be transferred to the core region of the grains, where
amorphization will be required to continue shear, similarly
to the model of Padmanabhan et al. [163, 164], and the
effects seen in Guo et al. [170] and Luo et al. [169]. The
activation energy, then, is that required for amorphization
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(a): Wear debris—

"Zone 3 (t}msjgbmbulc)

(®):  low friction (1 =0.36) copper wear track in UHV

200 nm

Fig.9 Examples of voiding that occurs due to sliding deformation in
nanocrystalline metals, a from Prasad et al. [77], and b unpublished
from self-mated high-purity copper sliding experiments in ultrahigh
vacuum (107 torr) where low steady-state friction coefficients were

of a crystal. There are two possible energies to describe this
process, notably grain boundary energy (i.e., the energy dif-
ference between a grain with a perfect lattice and one that is
transected by a new boundary), or the heat of fusion per unit
volume (i.e., the energy difference between crystalline and
amorphous phases, as discussed above). The heat of fusion is
potentially more accurate, as grain boundary energies from
the literature are averaged over a range of grain boundaries,
and not just the high-angle (closer to amorphous) boundaries
that are likely to be active in shear. A recently developed

-
100 nm

same location after 400C 15 minute anneal

200 nm

measured (p, = 0.36); image of the same location after anneal-
ing for 15 min at 400 °C shows evolution of feature geometry, from
elongated to more equiaxed, confirming the white features as voids
or pores

predictive model for GBS with no adjustable parameters
[182] uses an activation energy given by,

AF = (L%)(l—%)fgw ©)

where p; is the density of the liquid at 7,,, M the atomic
mass, T is the temperature, T, is the melting temperature, fg
is the volume fraction of crystalline material in the grains,
and V" is the activation volume. In Eq. 6, the heat of fusion
(in J/mol) is divided by an atomic volume (i.e., multiplying
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by density over the atomic mass) to get an atomic or specific
heat of fusion that is multiplied by the same activation vol-
ume as the stress term. The liquid density in Eq. 6 is an
approximation of the density of the amorphous solid. This
activation energy was shown to be nearly equivalent to high-
angle grain boundary energies divided by an approximate
grain boundary thickness [183], similar to the method
described in Shvindlerman and Gottstein [184] (see Fig. 10).
As this treatment assumes amorphization of crystalline
material, the activation volume is taken to be the Burgers
vector magnitude cubed, i.e., b, to represent single atomic
motions [173]. The factor f, is the volume fraction of crystal-
line material in a grain, as in the coherent polycrystal model

3
(1761, f, = (?) , with 6 being the grain boundary thick-

ness. This factor limits the energy barrier for amorphization
to the crystalline phase only, as the grain boundaries are
assumed to be effectively amorphous already. This is justi-
fied by considering that high-angle grain boundaries, which
are prevalent in highly deformed metals [185, 186], have
volumetric energies that are proportional to the heat of
fusion (Fig. 10).

Specifically, for tribological processes, the fundamental
strain rate €, in Eq. 5, can be taken to be:

€)= — @)

where N, is the number of grains being sheared, and 7, =

is the contact time, where v is the velocity, and a is the Hertz
contact radius. Considering the region undergoing shear to
be a cylinder of radius a and depth d, results in the number

-
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Fig. 10 Comparison of average grain boundary energy from DFT
[187] compared to predicted values (Eq. 6) from heat of fusion at
zero kelvin, reproduced from [182]; these are similar to values cal-
culated via the method proposed by Shvindlerman and Gottstein (pp
118-130) [184]
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()
Expanding the exponential to first order and rearranging
terms gives,
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Comparing this equation to Eq. 3 leads to two conclu-
sions. First, that the fundamental shear strength of a layer of
grains in the grain boundary sliding regime is

T kT
Ty = (L%)(l—T—n)fg—ﬁ ©)

And that the shear rate is governed by an effective viscos-
ity of the grain boundaries,

N
oy = <%> (10)

This effective viscosity 7, is similar to the viscosity of
liquid metals, approximately 1-10 mPa-s.

Figure 11 presents data from experiments and simulations
on the shear strength of multiple metals as a function of
grain size and shows that the theoretical predictions from
this amorphization model are accurate in the inverse
Hall-Petch regime. The experimental data demonstrate a
large spread in the measured shear strength at all grain sizes,
likely due to a variety of reasons, including differing strain
rates and error-prone estimates of grain sizes over a narrow
range (i.e., in the regime where d < 10-20 nm) where they
are actually dynamic and heterogeneous. Nevertheless, in
the dislocation-mediated plasticity regime (i.e.,d > d,), the
data can be reasonably fit with the classic Hall-Petch rela-
tionship, as shown by the blue lines, using the fits from Cor-
dero et al. [81]. In the figure, all data have been converted to
shear strength from yield strength through the von Mises
yield criterion, 7, = % Asaro et al. [45] provided a math-
ematical framework to accurately predict the stress required
to nucleate dislocations at grain boundaries in the nanocrys-
talline regime, above the critical grain size below which
inverse Hall-Petch behavior becomes dominant,

—(L__L\Gb, Tsme
i = (37 122) 7 (b

As Asaro et al. [45] point out, there is an implicit
assumption ignoring the orientation of slip planes (i.e., the
Taylor factor), so that the applied shear stress is assumed
to be on the slip plane at all times, and thus equal to the
resolved shear stress. Padmanabhan et al. [188] address
this assumption (in the context of shear strength in the
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inverse Hall-Petch regime) and find that the error in equat-
ing applied and resolved shear stresses is inconsequential.
While neither the fit from Cordero et al. [81] or the predic-
tion from Asaro et al. [45] can completely describe the data
in Fig. 11, both broadly describe the data and, in particular,
show good agreement for grain sizes in the nanocrystalline
regime above the critical grain size. Figure 11 also shows
that the grain size and strength for the crossover between
GBS and DMP (~ 10 nm) is reasonably well predicted by
the intersection of the prediction from Eq. 9, and with the
prediction from Asaro et al. [45] shown for Au in Fig. 11b.

The link between grain size-dependent shear strengths
and friction coefficients will be discussed in detail below.
However, one can rather accurately and generally estimate
a friction coefficient for metal contacts based on surface
and bulk grain sizes. Using the Bowden and Tabor formula
from Sect. 1.1, the friction coefficient is approximately the
ratio of shear strength (from Eq. 9) to the hardness, that for
nanocrystalline metals can be determined by multiplying the
shear strength from Eq. 11 by the von Mises factor of \/5
and the Tabor factor of 3 [190].

3 Linking Deformation Mechanisms,
Microstructure, and Shear Strength

3.1 Microstructure and Friction

Microstructural evolution below wear surfaces has been
the subject of numerous studies [129, 191-202], but the
true effect of microstructure on friction has been elusive.
Rennie’s studies in the 1800s [14] showed a link between
hardness and friction, and Goddard and Wilman in 1962
[37] showed a nearly linear relationship between the friction
coefficient and the hardness of various metals (see Fig. 12).

While these connections between friction coefficient and
hardness coupled with those between hardness and grain
size imply an obvious link between friction and microstruc-
ture, systematic studies, particularly with the connection to
low friction, were not undertaken until the early 2000s. A
number of earlier papers did attempt to make a connection
between nanocrystallinity and friction, but these authors
either studied grains that were too large to achieve truly low
friction in the steady state (in view of work on the critical
grain size), or their experiments were performed in non-inert
environments, leading to the formation of mixed metal-oxide
films [34, 61, 65, 75, 127, 203-209].

It is important to note that to truly determine the link
between low friction and grain size, one must perform
experiments in an inert environment or vacuum. As early as
1930, Ewald et al. [16] pointed out the significant changes
in friction behavior due to adsorbed films, and this has been
recently clearly demonstrated in a comparison of friction

of Au-Ni multilayer films in flowing nitrogen and UHV
[67, 210], where differences were attributed to the pres-
ence of adsorbates from adventitious carbon. Tribological
experiments with metals are often performed by sliding in
contact with ceramic spheres like sapphire, ruby, or silicon
nitride in ambient air environments. These conditions have
been shown to be conducive to the rapid formation of oxide
films [211] and, with continued sliding cycles, to eventu-
ally lead to the formation of mixed metal-oxide composite
microstructures [61, 68, 75, 203—-209]. A notable exception
where ambient air experiments are informative of metals
deformation and friction mechanisms is in the early stages
of relatively low contact stress sliding, i.e., during the first
few cycles [212-214]. Even so, comparisons of friction
coefficients (which define contact stresses that drive micro-
structural evolution; see Sect. 3.2) from metal contacts in
inert environments with data from experiments in non-inert
environments is problematic at best. The direct connection
between interface strength and friction coefficient implies
that comparisons must be made in the absence of non-metal
constituents that can act as surface modifiers and impact
shear strength. However, when deformation is confined to
the metal surface, sliding between a metal substrate and a
non-metal probe can be an effective way to probe the phe-
nomenon of grain refinement and low friction. A counter
example can be found in recent work showed a friction coef-
ficient less than 0.01 (superlubricity) with a purely elastic
single-asperity nanoscale contact between a passivated dia-
mond tip and Pt-based metallic glass surface [215].

In order to examine the microstructure in wear tracks,
Heilmann et al. [129] prepared TEM foils of copper sub-
strates after completing a sliding experiment. Following
work in 2003 using focused ion beam (FIB) techniques [216]
to make wear-track cross-sections for EBSD analysis [191],
Prasad et al. [217] in 2008 used FIB cross-sections in TEM
to identify nanocrystalline grains at the surface of Ni after
friction experiments, and proposed grain rotation as a pos-
sible deformation mechanism. These techniques were crucial
for the identification of the ultra-nanocrystalline structure at
the surface responsible for low friction. Much of this work
was on nanocrystalline Ni, likely because of its use in LIGA
(Lithographie, Galvanoformung, Abformung) technology
for microelectromechanical systems (MEMS) technology.
The link between friction and grain size was discussed in a
paper by Mishra et al. [75] in 2004 that not only noted that
in the inverse Hall-Petch regime grains are too small for
dislocation pile-up, but also reported friction coefficients for
Ni that decreased with decreasing grain size down to 8 nm.
Scherge et al. [127] in 2003 and Shakhvorostov et al. [34,
65] in 2006-2007 investigated the friction and wear behav-
ior of gray cast iron sliding against Cr-hardened steel pins
immersed in engine oil and measured extreme near-surface
refinement of a mixed metal-carbide layer; Shakhvorostov
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et al. [34] proposed inverse Hall-Petch softening of the
top 200 nm layer, where grain size was measured to be
approximately 20 nm and nanoindentation indicated sof-
tening. Similarly, Biischer et al. [218] in 2004 and Biischer
and Fischer [219] in 2005 described the shear-induced
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formation of nanocrystalline grains at the surface of all-
metal hip joints, and linked this to beneficial Hall-Petch
strengthening through increased hardness. This was followed
by Guidry et al. [220] in 2009, who similarly found low
friction in nanocrystalline Ni with elongated grains around
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«Fig. 11 a Comparison of aggregate experimental (crosses) [81, 82,
161, 189] and computational (circles) [101] strengths, best fits for
Hall-Petch strengthening from Cordero et al. [81] (blue or black
lines), and (red lines) predictions from the amorphization model for
quasi-static and dynamic cases, from Chandross and Argibay [182].
b Overlay of model prediction (red lines) [182], molecular dynam-
ics simulation results (circles) showing inverse Hall-Petch behavior
with nanocrystalline Au, from Liu et al. in 2020 [89], experimental
strengths (crosses) with best fit (blue line) Hall-Petch strengthen-
ing from Cordero et al. [81] and nanocrystalline strength predic-
tion (green line) from Asaro et al. [45] for Au and SmCog; the
SmCos plot shows an overlay of model predictions (red lines) using
a rule of mixtures based on atomic fractions and grain size-dependent
strength data from simulations and experiments from Luo et al. [169].
In all cases, dashed lines correspond to extrapolations, for visuali-
zation purposes, where the respective prediction model fits are not
applicable or relevant (color figure online)

5-10 nm, and noted the link to Hall-Petch strengthening,
although they mention that decreasing beyond the critical
grain size is likely not beneficial [219]. The later work of
Prasad et al. [77, 221] found that surface grains in the low
friction regime in nickel were 2—10 nm in size, and discussed
the link between low contact pressures and low friction and
the formation of these ultra-nanocrystalline grains. They
analyzed their results in terms of the Raj and Ashby model
[138], and the transition from dislocation- to grain bound-
ary-mediated deformation mechanisms. Farhat, et al. [209],
similarly found lower friction with nanocrystalline Al having
an initial grain size of about 16 nm, compared to Al with an
initial grain size of about 100 nm. Hanlon et al. [206] report
lower steady-state friction coefficients for nanocrystalline
Ni, with initial grain size of order 30 nm.

Softening of pure metal contacts is facilitated during
dynamic sliding because the repeated contact can, in some
cases, allow refinement to dominate over stress-assisted
grain growth [127]. When the grain size is sufficiently small,
dislocation nucleation and motion are suppressed, and defor-
mation is largely confined to grain boundaries, implying that
a high density of grain boundaries is favorable. In alloys, for
example recent work demonstrating low friction and wear in
a nanocrystalline alloy [71], low friction may again be
linked to the prevalence of GBS. In this case, rather than the
formation of a highly refined layer of deformed metal, low
friction is achieved by engineering initially small grains and
suppressing their growth by stabilizing grain boundaries
through alloying [222]. While some intragranular deforma-
tion can take place even with highly stable grain boundaries,
the rapid formation of intragranular dislocation cells during
sliding has the same effect as grain refinement. That is, dis-
location interactions can also mitigate further emission and
motion of dislocations, effectively enabling GBS to prevail
at larger grain sizes than is attainable with pure metals. It is
worth noting that, despite the several-order-of-magnitude
reductions in wear rate achieved with hard nanocrystalline
alloys, their friction coefficients are often identical to those

of pure, soft metals in the low friction regime. This is no
coincidence, and arguably strong evidence in favor of the
claim that for sliding metal contacts, it is the suppression of
dislocation activity that is associated with low friction. For
example, in the absence of intragranular deformation and of
lubricating films, the friction coefficient of nanocrystalline
alloys like Ni-W [59] or Pt—Au [71] approaches that of a
pure, initially soft metal like Au or Cu [30, 76]. From the
amorphization model, it is possible to predict the lowest fric-
tion coefficient possible by using the Bowden and Tabor
formula, u = é By considering the weakest interface (i.e.,
the shear strength with the smallest possible grains, r,), and
the strongest possible load-bearing material (i.e., with grains
of size 2r, at the peak of the Hall-Petch curve, see below),
the friction coefficient (using Eqgs. 1, 9 and the Taylor and
Bowden factors to convert shear strength to hardness)

_ld=n) =~ (.16. This is an estimate of the
3 3-T(d:2r0)

lowest possible friction coefficient for pure metal contacts.
Note that this estimate is in remarkable agreement with
experimental results for nanocrystalline Ni films by Mishra
et al. [75] who reported a friction coefficient of y=0.16 for
thick (130 um) films that are effectively bulk nanocrystalline
specimens, with an initial grain size of 8 nm, nominally
identical to the calculated value of critical grain size
(d=2r,). Further conformation may lie in data for pure Sb
under torsional shear from Bridgeman [223] in 1935, who
measured u = 0.15 over a broad range of contact stresses.
While the experiments of Mishra et al. were performed in an
open-air environment and microstructural characterization
was not performed on the worn material, their test method
consisted of small-amplitude fretting that may have miti-
gated the formation of a mixed metal-oxide films by limiting
exposure of the sliding interface to the ambient environment.
Additionally, the small-amplitude deformation may promote
refinement, by limiting the amount of time between sliding
passes that can result in grain growth and relaxation. The
torsional experiments by Bridgman [223] avoided environ-
mental exposure by using a continuously shearing torsional
contact design.

With a stable nanocrystalline alloy, where grains at the
interface would presumably persist at or close to the same
size as those in the bulk, or a bulk metallic glass, where
strength is uniform, the friction coefficient would be

expected to approach values of, y = —L_ ~0.19; this was
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recently experimentally verified with a metallic glass contact
at low shear rates in an inert environment, where frictional
heating was negligible [224]. Considering the stochastic and
often highly variable nature of metals tribological testing,
the difference between these two estimates (for nanocrystal-
line pure metals and alloys) is likely too small to accurately
measure, and insignificant from a practical standpoint. Evi-
dently, the contact conditions that will promote GBS via

becomes y =
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Vickers hardness (kg/mm?)

Fig. 4. Relation between mas s (0pen circles), ioss.egu. (80lid circles), and the Vickers diamond
hardness Hp of the work-hardened abraded metal surface. The points marked + denote u for
a tripod of emery particle groups (fixed to a disk with sealing wax) sliding on the metalat 1 kg load

Fig. 12 Relationship between measured friction coefficient and hard-
ness for a wide range of metals, reproduced from Goddard and Wil-
man, 1962 [37]

dynamic grain refinement for pure, soft metals must be much
gentler than the harsher conditions possible with engineered
nanocrystalline alloys.

3.2 Modeling and Predicting Friction Regimes

To fully describe the connection between microstructure
and friction—specifically microstructural evolution under
shear—it is important to consider that there are multiple
regimes of friction that depend on applied load. Figure 13
shows the measured friction coefficient for high-purity, self-
mated gold and copper contacts in inert environments for
a range of applied normal loads. These examples clearly
show three distinct regimes of tribological response, with
transitions between them. For low applied loads (e.g., below
10 mN) with gold contacts, the friction coefficient was low
(u~0.4), and though not shown in the above figure, con-
sistently so over as many as 100 k sliding cycles [30]. In
contrast, at a normal load of 100 mN, the friction coeffi-
cient jumps above 1 within 10 s of cycles and remains high
throughout the experiment. Similar behavior was observed
for self-mated copper [76], as shown in Fig. 13B and C,
with transitions between regimes achieved quickly by vary-
ing the contact stress. The regime of transient friction is not
generally studied, as publications tend to report steady-state
values of the friction coefficient, or do not directly attempt
to correlate grain size to transient behavior. The fundamen-
tal basis of these regimes was discussed in the framework
of the model of Yamakov et al. [103] (see Sect. 2, above),
that describes the regimes of stress and grain size that lead
to either dislocation-mediated plasticity or grain boundary
sliding.

It is important to note that these contrasting regimes
(DMP vs. GBS) are not static states in tribology, as the
surface microstructure is constantly evolving, with compet-
ing refinement (from dislocation cell formation and rota-
tion) and coarsening (from stress-induced grain growth).
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Fig. 13 Examples of friction regimes for A gold [30] and B copper
[76] contacts in inert gas, ultrahigh-purity N, with less than 10 ppm
O, and H,0, and C unpublished data for identical high-purity cop-
per contacts and experimental methods as (B) [76], but in ultrahigh
vacuum (~5x 107 torr)

In this sense, the regimes should be considered to identify
the dominant carrier of plasticity [90], rather than the only
active mechanism. A recent paper recast the model of Yama-
kov et al. [103] to describe dynamic tribological (shearing)
metal interfaces [30], positing that applied shear stress will
drive the surface toward a stable grain size, and that there
exists a critical grain size below which friction will remain
low. This work developed the concept of a feedback loop
between surface grain size evolution and friction coefficient
(see Fig. 14, 15), one that can either converge or diverge.
When the loop converges, contact stresses are low enough
to drive grain sizes to values smaller than the critical grain
size and into the inverse Hall-Petch regime, where shear
strength is progressively reduced with decreasing grain size,
promoting low friction (and thus, low stresses) [34]. When
the loop diverges, contact stresses are high enough to drive
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Fig. 14 A Diagram comparing

sphere-on-flat sliding contact

typical shear layer thickness and T e

contact diameter, B transmis-
sion electron microscopy
images showing remains of a R
shear layer for a high-purity
copper contact, and C higher-
resolution images illustrating
grain size differences in low
(u=0.4) and high (u> 1) fric-
tion regimes [76]

grain sizes to values larger than the critical grain size (if
they are not already), and this is associated with higher shear
strengths and thus high friction. Representative images of
the grain structure corresponding to the low and high fric-
tion regimes are shown in Fig. 14.

This paper [30] uses these ideas to develop predictions for
the stress and time regimes that lead to low or high friction.
Predictions from this model, compared to experiments, are
shown in Fig. 16, where the measured friction coefficient
is given by the color scale, as a function of reduced stress
and time [30], with predicted limits shown as dashed lines.
The agreement between the experimental measurements and
model predictions confirms the dominant role of microstruc-
ture on the tribological response of pure metals.

4 Reducing Friction in Metals
4.1 Grain Growth in Metals

Grain boundaries are the primary obstacle to dislocation-
mediated plasticity for nanocrystalline metals [103].
Nucleation of dislocations at grain boundaries becomes
energetically favorable over intragranular mechanisms with
nanocrystalline metals [45, 97, 103, 105]. Accordingly, to

shear layer j
thickness

(100s nm)

sliding interface
(refined microstructure)

high friction and coarser grains

100 nm

achieve low friction with pure metals, the rate of defect
formation and/or grain refinement in the shear layer during
sliding must outpace the rate of defect annihilation and grain
coarsening (e.g., GBM or shear-coupling of GBs [109]),
resulting in extreme refinement and (inverse Hall-Petch)
softening. This is a non-equilibrium friction regime, where
persistent and surface-localized severe plastic deformation
causes enough grain refinement to effectively suppress most
dislocation activity. Shear deformation during sliding is then
accommodated along a thin (10 s—100 s nm) film of continu-
ously (re)amorphized metal, effectively a network of grain
boundaries that behave like a Bingham plastic, as discussed
in Sect. 2.2. It bears mentioning again that, as was shown
in Sect. 1.2, the dynamic formation of this film requires a
remarkably small amount of energy to sustain, and it can
thus persist at low shear stresses that promote continued or
convergent low friction behavior. However, and even with
initially nanocrystalline FCC and BCC metals [64], stress-
assisted grain growth continuously promotes a return to
dislocation-mediated plasticity [64, 225] by increasing grain
size until dislocation-mediated plasticity is energetically
favorable over grain boundary sliding. Because strain rates
are large in most frictional sliding contacts, grain growth in
the shear layer is the dominant mechanism determining the
rate for a transition from low to high friction. This explains
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why simple grain growth kinetics models can be used to
reasonably approximate the kinetics of low to high friction
transitions, as developed in Argibay et al. [30]. The implica-
tion of this, combined with the dominance of GBS and low
friction in ultra-nanocrystalline metals, is that suppression
of grain growth is a mechanism to extend the regime of low
friction to higher stresses and/or longer contact times.

4.2 Routes for Promoting Grain Boundary Sliding
in Metals

Grain growth is driven by processes like grain boundary
migration, a thermally activated and stress-assisted process
[184, 226-228] that can be described as,

47 g -E,+ o V¥
Vop = TMO expl| —————

kT 3)

where v, is the growth rate (i.e., grain boundary velocity),
Yq» 18 the grain boundary energy, d is the grain size, M, the
mobility, E, the activation energy for grain growth and o is
an applied stress acting over an activation volume V", that
serves to lower the barrier. This equation implies two differ-
ent routes for suppressing grain growth or stabilizing grains,
kinetic or thermodynamic.

For an activated process, one simple method to retard
growth is to lower temperature, removing the thermal energy
that is necessary to overcome the activation barrier. This
effect has been demonstrated in copper contacts, where the
contact temperature was maintained at — 100 °C to achieve
low friction (x4 = 0.4) in contact conditions that lead to
extremely high friction (x# > 1) at room temperature [76].
However, as the contact temperature is usually an engineer-
ing constraint, this is not a practical method to achieve low
friction in most applications. Similarly, as contact forces
are usually prescribed rather than chosen, while lowering
applied stress limits grain growth, it, too, remains generally
impractical.
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Fig. 16 Experimental results of ramped force experiments on gold and copper contacts, showing comparisons to the predictions of the model

reproduced from Argibay et al. [30]
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Kinetic boundary stabilization can be achieved through
Zener pinning and associated precipitation hardening
[229-233], methods that are commonly used to impart
higher hardness by introducing discrete obstacles to impede
or retard grain boundary motion in, for example, steels and
metal-matrix composites. This is also the primary strength-
ening mechanism in hard gold, an industry term for gold
alloyed with< 1 at. % of a low solubility element like Ni,
where the solute atoms primarily act to mitigate grain
boundary motion and promote retention of small grains [2,
69, 70, 228]. These methods, while effective, are only quasi-
stable, in that growth will still proceed, just at a slower rate
[229, 234-238].

In 1993, Weissmiiller [183] proposed a method for ther-
modynamic stabilization of grain boundaries based on
solute segregation. This work remains a subject of much
interest and research [183, 239-245], as it presents a pos-
sible route for synthesizing nanocrystalline metals with
an intrinsically thermodynamically stable grain size, and
thus extraordinary resistance to the degradation in strength
associated with thermally and mechanically driven grain
growth. Specifically, Weissmiiller [183] proposed the exist-
ence of nanocrystalline alloys with enthalpies of segregation
sufficiently positive to exhibit a metastable state wherein
grain boundary energy is reduced to zero or negative val-
ues, entirely mitigating the thermodynamic drive for grain
growth. This condition, representing a local minimum in the
Gibbs free energy, can be achieved by the addition of grain
boundary segregated solute atoms in a nanocrystalline alloy.
More recent work, including the development of a regular
nanocrystalline solution model [239, 245], has identified a
wide array of solvent/solute combinations that should have
remarkable thermodynamic stability.

The proposed link between grain growth and friction,
with the possibility that these alloys may also exhibit high
mechanical stability (i.e., where grain growth is not signifi-
cantly increased by the application of stress), suggests that
these alloys could extend the range of stresses and contact
times that promote low friction, but without being quasi-sta-
ble. Applied stress is well known to accelerate grain growth,
similar to the addition of thermal energy. This has been clearly
demonstrated, for example, in cyclic fatigue experiments
[246], which are similar in spirit to cyclic frictional sliding
experiments. Thus, reducing the thermodynamic drive for
grain growth should oppose the deleterious effects of applied
stresses in tribological applications. One recent study focused
on Pt-Au, as it is the only proposed binary alloy made of noble
metals, eliminating the possibility of precipitate strengthen-
ing by mechanical mixing with incorporated oxide particles
[71, 238, 247-249]. This alloy has the added benefit of being
immediately applicable in electrical contact applications. Pre-
vious work by several groups on other alloys [46, 59, 68, 244,
250-252] showed some mechanical stability, but the presence

of oxide particles and their propensity to significantly limit
grain growth [229, 230, 233] made a definitive claim of sta-
bility difficult. Experiments with Pt-Au were able to more
convincingly demonstrate the predicted thermodynamic sta-
bility [245], as well as remarkable mechanical stability, with
a fatigue endurance limit exceeding 1 GPa over as many as
10° cycles, and low friction (4 = 0.2 — 0.3) for over 10 slid-
ing cycles with a maximum Hertzian contact stress of about
1 GPa. As with the demonstration of low friction in Cu at
cryogenic temperatures [76], this work again demonstrates that
limiting grain growth can lead to low friction by promoting
deformation during sliding along grain boundaries or dynami-
cally (re)generated amorphous films.

Other sophisticated routes exist for imparting higher
strength to metals, and providing thermal stability to the
underlying microstructural features, like grain boundaries
and dislocations. Some relatively recent examples include the
formation of thick boundaries (sometimes called complexions)
[253-255], solution strengthening [46, 81] in high entropy
alloys [256-263] (where combinations of multiple elements
increases the energy required for dislocation motion), and
metastable amorphous bulk metallic glasses [264-267].

With pure metals, a common way to achieve high strength
is through severe deformation, resulting in a high density of
dislocations and grain boundaries. However, highly defective
metals become brittle and are prone to fracture rather than
ductile deformation. In this situation the energy required
to nucleate and move dislocations can exceed the cohesive
strength [268], especially along networks of defective zones
like grain boundaries. Bulk metallic glasses [264], which
can show low friction and wear rate at mild contact stresses,
even in inert environments [224], are an interesting limiting
case of this effect as they are amorphous and extremely high
in strength but have near zero ductility due to their inabil-
ity to support dislocation nucleation and transport. These
novel materials can exhibit extraordinary properties, such as
coefficients of restitution of nearly one, so that deformation
is nearly entirely elastic until fracture occurs. While these
may seem like excellent tribological materials based on their
resistance to ductile deformation, the inevitable mechanical
interlocking that occurs at micro-asperities associated with
surface roughness, and their propensity to fracture, can result
in relatively high wear, not remarkably different from more
conventional hard metals like steels [63, 265].

5 Summary and Conclusions

Friction is the result of energy dissipation at a shearing
interface, and in metals, this is linked to the dominance of
one of two fundamental deformation mechanisms: disloca-
tion-mediated plasticity (DMP) or grain boundary sliding
(GBS) [30, 59, 76, 269]. Grain boundaries are inherently
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weaker than the more ordered internal atomic structure
of crystallites or grains [270], when there is an absence
of intracrystalline defects as expected in nanocrystalline
materials. Consequently, metal contact shear by DMP is
energetically preferred over GBS for grain sizes above
about 10 nm [161, 270]. Only when the interfacial grain
structure is extremely refined, and there exists a sufficiently
large density of interconnected grain boundaries, do GBS
and low friction prevail over DMP and high friction by
softening the surface compared to the load-bearing bulk
[30, 76, 161]. The link between interfacial deformation
mechanisms and regimes of friction can also be interpreted
in an atomistic sense through the concept of commensu-
rate and incommensurate interfaces [271]. In the former,
the sliding surface must overcome all the barriers of the
contacting surface at once, requiring high energy, as in
the Frenkel model of metal shear strength. In the latter,
cancelations occur between atoms climbing up a potential
well and those sliding down, and, on average, the ener-
getic cost is equal to the energetic gain and the total energy
required to shear is low. In this interpretation, dislocations
act as a commensurate interface, while grain boundaries
represent an incommensurate one.

The link between microstructure and friction allows
for not only an estimation of the lowest possible friction
coefficient between pure metals, but also suggests the
possibility of designing low friction materials through
grain boundary engineering. The extension of these ideas
to alloys or to include surface films (i.e., lubricants or
oxides) will serve to increase not only the fundamental
understanding of friction in metals, but also the applica-
tion space. Relatively new materials like bulk metallic
glasses (BMGs) [264, 272] may form an interesting lim-
iting case of a strong, low friction metal, if the inherent
lack of ductility can be overcome, as is currently being
investigated through the incorporation of crystalline
phases [267, 273]. Finally, the realization that applied
surface stresses can directly affect grain size (and
mechanical properties) implies the possibility that tribo-
logical testing may be useful in areas beyond certification
of frictional interfaces for engineering applications. In
particular, tribological experiments are a useful method
for fundamental investigations of ultra-nanocrystalline
and nanostructured metals that, due to microstructural
instability, are inherently difficult to study with tradi-
tional methods.
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