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Abstract

Sliding friction of metallic materials results in severe plastic deformation of the contacting surfaces. While plastic deformation is gen-
erally considered detrimental, as it leads to localized material failure and wear, in some cases it can trigger the formation of self-organized
microstructures with the potential for improved wear resistance. We report here on a novel, self-adapting mechanism in a CuggAg;o two-
phase alloy that relies on the spontaneous formation of chemically nanolayered structures during sliding wear. For sufficiently large ini-
tial Ag precipitate sizes, the nanolayered structures remain stable up to the sliding surface, leading to a reduction in wear rate. Similar
chemically nanolayered structures are observed in CugyAg;o alloys deformed by high-pressure torsion, enabling controlled investigation
of this process. The results of these studies suggest a novel approach, through self-organization, for designing metallic alloys that can

achieve low wear rates.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Wear-resistant materials are traditionally designed by
engineering bulk materials and coatings to achieve either
low shear strength or high hardness. Babbitt bearing alloys
are examples of the former case, while hardfacing materials
such as Stellite alloys illustrate the latter. High hardness
can conveniently be achieved by reducing the grain size
of the materials of interest. For example, it has been
recently recognized that preparing or processing materials
by severe plastic deformation (SPD) makes it possible to
reduce grain sizes to a few tens of nanometers, thus reach-
ing strength levels that approach theoretical limits [1-5]. In
two-phase alloys, moreover, SPD can also result in highly
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non-equilibrium morphologies that are not readily
achieved by other means [6-8]. Materials evolving during
wear generally undergo SPD just below the sliding surface.
This suggests an approach for the design of wear-resistant
materials that exploits the mechano-chemical processes
induced by friction and wear to generate unique surface
and subsurface structures that provide wear resistance.
The non-linear character of friction [9], combined with
the microstructural evolutions induced by SPD [2,10], can
generate positive feedback loops, thus providing opportu-
nities to design self-adapting materials.

A well-known example of self-adaptation during wear is
the spontaneous formation of tribolayers, so-called “third
bodies” [11], which act as solid lubricants [10,12-14]. In
“chameleon” coatings [15], for example, friction induces a
transition from sp> to sp® bonding in diamond-like carbon
atoms, resulting in a reduction of friction and wear. Recent
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atomistic simulations of diamond-diamond sliding
revealed that this sp*-to-sp® transition was accompanied
by the formation of a lubricious amorphous tribomaterial
[16]. The benefits of tribolayers can be extended further
by tailoring coating compositions so that distinct lubri-
cious tribolayers form under different operating conditions
[17,18], making it possible to achieve very low friction and
wear over a broad range of temperature, humidity and sur-
face chemistries, including those involving oxidative envi-
ronments [19,20]. Processes taking place below the sliding
surface can also be beneficial. In Ni-W nanograined coat-
ings, for instance, sliding-induced chemical and microstruc-
tural relaxations at grain boundaries increase hardness in
the wear track, reducing the wear rate [21,22]. Beyond these
accomplishments, the opportunities afforded by self-
adaptation for the design of wear-resistant materials
remain vast and largely unexplored.

In the present work, we report on a novel morphology
driven by SPD during sliding wear in two-phase materials.
The self-organization process reported here for CugpAg
alloys leads to the formation of alternating Cu-rich and
Ag-rich nanolayers with thicknesses decreasing progres-
sively to a few nanometers as the sliding surface is
approached. As we will show, these nanolayers provide
excellent wear resistance. Using thermal annealing to con-
trol the size of the initial Ag precipitates before exposure to
sliding wear, the thickness of the nanolayers at the surface
can be easily controlled. For too small precipitates, the lay-
ers dissolve into a homogeneous alloy, and wear resistance
decreases. We thus find that the initial length scale of the
precipitate structure has a profound influence on the
microstructures evolved during wear and accordingly on
the wear rates. The larger the Ag precipitates are, the lower
the wear rates, despite the fact that larger Ag precipitates
also translate into softer materials. It is proposed that the
presence of Ag nanolayers just below the wear surface is
the key microstructural feature responsible for the
observed reduction in wear rate. Selected CuggAgio samples
were also deformed by high-pressure torsion (HPT), and
similar chemical nanolayering was observed for a range
of plastic strains, thus providing a basis for controlling this
phenomenon. We conclude that wear-induced chemical
nanolayering can be controlled by adjusting alloy
chemistry and initial microstructure. The present results
therefore offer a promising broad approach for designing
wear-resistant materials.

2. Methods
2.1. Fabrication of two-phase CuggAg;o alloys

Commercially pure copper and silver powders were
combined to obtain an average molar composition of
90% Cu and 10% Ag and then subjected to high-energy ball
milling using a SPEX 8000 mill in an argon glove box for
12 h at ambient temperature (~50 °C). Ball milling forces
the mixing of Cu and Ag into a solid solution [23]. The

ball-milled powders were then compacted by warm press-
ing at 300°C with a 1 GPa load under high vacuum
(2 x 107° Pa), producing cylinders with density exceeding
99% of the theoretical density. During sintering, Ag precip-
itated into nearly equiaxed precipitates, with a volume-
averaged diameter of 32 nm, as determined by scanning
transmission electron microscopy (STEM) [24]. Some of
these samples were further annealed at 450, 600 and
750 °C for 1 h in an argon tube furnace, leading to vol-
ume-averaged precipitate diameters of 58, 122 and
262 nm, respectively [24], as illustrated in Fig. 1. A limited
contamination of powders during ball milling by milling
tools led to the formation of small Fe,Os-type precipitates
during compaction and annealing. The size and density of
these nanoscale precipitates, which are easily detected by
Z-contrast imaging (see e.g. the arrows in Fig. 1), did not
vary much over the range of annealing temperatures inves-
tigated here, as illustrated by the histograms in Fig. S1.
Their contribution to the variation of wear response with
the initial Ag precipitate size should therefore be minimal.
Lastly, hardness, measured by nanoindentation, decreased
from 5.2 GPa for the as-compacted samples to 2.5 GPa for
the highest annealing temperature, 750 °C (see Table 1).

2.2. Wear testing

Pin-on-disk wear tests were performed in air under 1 kgf
load (~1.38 MPa nominal pressure) using either a martens-
itic stainless steel 440C disk or a Cu—Ni—Sn bronze disk as
the counterface material, using a procedure similar to the
one described in detail in Refs. [13,25]. A sliding velocity
of 0.25m s~ ! was selected to suppress flash heating at the
contacting surfaces, and local pin temperature measure-
ments yielded temperatures between 60 and 70 °C. Contin-
uous measurements of the pin displacement and of the
frictional force established that wear had reached a steady
state when sliding distances exceeded ~60 m. Steady-state
wear rates were calculated by weight loss measurements
after sliding distances of 450 m. Prior to wear testing, the
contacting surfaces of the sample and disk were mechani-
cally polished to achieve an average surface roughness
(R,) of less than 200 nm, as measured by a Sloan Dektak’
ST stylus surface profilometer. Three separate tests were
run for each specimen, and the average wear rates and
coeflicients of friction are reported in Table 1.

2.3. Microstructural and mechanical characterization

The microstructures of the worn samples were charac-
terized by TEM and STEM, including high-angle annular
dark field (HAADF) imaging and energy-dispersive
spectroscopy (EDS), using JEOL 2010 TEM and STEM
microscopes operated at 200 kV. The directions normal
to the sliding surface, along the sliding direction and
perpendicular to the sliding direction in the sliding plane
were defined as ND, SD and TD, respectively. ND-SD
and ND-TD cross-sectional TEM samples were prepared
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Fig. 1. HAADF-STEM images of the as-synthesized two-phase CugoAg;o alloys, after annealing at (a) 750 °C and (b) 450 °C. Ag-rich precipitates appear
brighter than the matrix, while small Fe,O; particles (pointed out by arrows), due to contamination during ball milling, are darker than the matrix.

Table 1

Effect of heat treatment on average Ag precipitate diameter (nm), hardness (GPa), coefficient of friction (COF, dimensionless) and wear rate
(mm> N~'m™") for two-phase CugoAgo alloys worn against SS440C stainless steel and Cu—Ni-Sn bronze disk.

Annealing temperature (°C) Precipitate diameter Hardness COF Wear rate COF Wear rate
SS 440C Cu-Ni-Sn

As pressed 32 5.2 0.64 1.70 x 1073 0.57 233 x 107

450 58 42 0.63 1.49 x 1073 0.52 1.38 x 10°*

600 122 3.1 0.67 1.28 x 1073 0.51 8.64 x 107°

750 262 25 0.64 9.12x 107° 0.50 142 x 1073

by focused ion beam (FIB; FEI Strata 235 and Helios
NanoLab™ 600i) milling using the standard lift-out tech-
nique. A protective platinum strip of thickness ~1 pm
was deposited on the worn surface before the FIB milling.
Nanoindentation was performed using a Hysitron TI-950
Triboindenter on mechanically polished cross-sections of
the pins to determine the hardness as a function of depth
in the worn samples. For each indentation mark, the dis-
tance to the wear surface was directly measured using
SEM images to minimize errors due to the large surface
roughness. Note also that the presence of the worn surface
edge made it impossible to obtain reliable data for depths
less than ~1 pm below the wear surface. The morphologies
of the pin surfaces were also analyzed by scanning electron
microscopy (SEM), and the wear debris characterized by
SEM and TEM.

3. Results
3.1. Wear performances and microstructures

The surface morphologies of all worn pins show features
characteristic of strong adhesive wear, regardless of the
counterface material used as the disk during the wear tests.
The coefficients of friction, ~0.5 for the Cu-Ni-Sn disk
and ~0.65 for the SS 440C disk, are typical values for
dry sliding of metallic materials [26]. The wear debris com-
prised nearly equiaxed particles a few microns in size for
the SS 440C disk and flakes several hundred of microns
in length for the Cu—Ni-Sn disk. These differences in debris

size, as well as the lower wear rates for the SS440C coun-
terface, are consistent with previous results [13] showing
that a lubricious tribolayer formed at the pin/disk interface
for the SS440C counterface. For both counterface materi-
als, however, wear rates were observed to vary significantly
with the initial Ag precipitate size, in a way that could not
be simply accounted for by the appearance of the worn sur-
faces and the analysis of the wear debris. We thus carried
out a detailed characterization of the pin microstructures
in steady-state wear.

One remarkable result of the wear data is that the softer
alloys exhibit a lower wear rate, in contradiction with the
commonly observed correlation between wear resistance
and hardness, as captured in Archard’s law [27]. This unex-
pected result correlates with distinct microstructures near
the wear surface. We first describe the worn microstructure
for the alloy with the largest initial Ag precipitate size,
d, =262 nm. Crystalline nanolayers are clearly observed
below the wear surface, and electron diffraction patterns
indicate that two face-centered cubic (fcc) phases are
present (see Fig. 2). HAADF-STEM imaging reveals the
presence of alternating high-Z and low-Z nanolayers in
ND-SD cross-sections, as illustrated in Fig. 3. The spacing
between the Ag-rich nanolayers increases nearly linearly
with the distance below the sliding surface, as seen in
Fig. 4. The compositions of the brighter (higher-Z) and
darker (lower-Z) layers, measured by STEM-EDS at
~1.8 um below the sliding surface, were ~Cu;gAgs, and
Cuog sAg 5, respectively. These compositions are very close
to those of the phases present in the initial microstructure,
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Fig. 2. Bright-field TEM images and diffraction patterns at various depths below the sliding surface of CugoAg;o alloy annealed at 750 °C (d,, = 262 nm)
and worn against SS 440C disk. (a) d = 0-1 um; (b) d = 1-2.5 um; (¢) d = 2.5-4 pm; (d) d =4-5.5 um; and (e) d = 5.5-7 pm. Each area overlaps slightly

with the previous one (see also Fig. 3).

suggesting that the nanolayers formed by co-deformation
with little atomic mixing. Note that the rather large Cu
content in the Ag-rich initial precipitates is consistent with
the 14.1 at.% equilibrium solubility of Cu in Ag at the
eutectic temperature of 779°C. At a depth beyond
~6 pm, the chemically layered structure becomes progres-
sively replaced by a microstructure that is increasingly
similar to the initial one, with large and nearly equiaxed
Ag-rich precipitates.

The main material flow direction imposed by the present
wear testing is along SD, and this is consistent with the over-
all morphological evolution of the Ag and Cu phases
observed in ND-SD cross-sections (see Figs. 2 and 3). It is
observed, however, that the Ag precipitates are deformed
significantly along TD as well as along SD, as illustrated
on an ND-TD cross-section in Fig. 5 (see also Fig. S2 for
the microstructure as a function of the depth below the wear

surface). The length of the Ag layers just below the wear sur-
face approaches ~1 pm along TD, whereas the typical layer
length along SD exceeds 2 um. The morphology of the pre-
cipitates before they form continuous nanolayers provides a
useful insight into the mechanisms involved in the nanolay-
ering reaction. As seen in Fig. 5, pairs of bright-field TEM
and HAADF-STEM images from ND-TD cross-sections,
here observed ~1.5 um below the wear surface, reveal that
the Ag precipitates deform along Cu grain boundaries, with
the stretched tips of the precipitates ending either within Cu
grains (see e.g. arrow A in Fig. 5) or at Cu/Cu boundaries
(see e.g. arrow B in Fig. 5). One also notices that many
Cu/Cu grain boundaries elongated along TD are yet not
decorated by any Ag precipitates (see e.g. arrow C in
Fig. 5). These results suggest that the plastic deformation
and stretching of the Ag precipitates is guided by Cu/Cu
grain boundaries, as will be discussed in the next section.
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Fig. 3. HAADF-STEM images of the same areas shown in Fig. 2.

The worn microstructures were significantly different
when the starting CugoAg;o material had a smaller initial
precipitate size. For samples annealed at 450 °C, which
resulted in an initial precipitate diameter of dj, = 58 nm,
the worn microstructure comprised three regions, as illus-
trated in Fig. 6(a and b). In the topmost region, extending
from the wear surface to a depth of ~600 nm, only a single
phase Cu—Ag solid solution was present, as indicated by
the presence of just one fcc phase in the diffraction patterns
(Fig. 6(a)) and uniform Z contrast (Fig. 6(b)). The compo-
sition of the solid solution is found by STEM-EDS to be
Cugg sAgiis5, in agreement with the lattice parameter of
0.372 nm determined from the diffraction patterns [28].
This composition is very close to that of the initial alloy.
Furthermore, grains in this solid solution were equiaxed.
Below this solid solution layer, and extending over
~500 nm, was a chemically layered structure similar to
the ones observed just below the wear surface in the mate-
rial annealed at 750 °C. At greater depths, i.e. in the third

region, a microstructure with individual Ag-rich precipi-
tates was recovered, with the precipitates becoming more
and more equiaxed with increasing depth. A very similar
microstructure, with three distinct regions, was observed
for the as-pressed samples (see Figs. S3 and S4). In con-
trast, for the samples annealed at 600 °C, chemical nano-
layering extends all the way to the sliding surface (see
Fig. S95), as for the samples annealed at 750 °C.

The evolution of sample hardness below the sliding sur-
face was measured using nanoindentation on polished
cross-sections. In order to avoid any potential interaction
between the plastic zones of the individual intents, the suc-
cessive indents were shifted from the previous one by 10 pm
along x (TD), and 0.5 or 1 um along y (ND), as illustrated
in Fig. 7a. As expected, the microstructural refinement
imposed by wear correlates with a gradual increase in hard-
ness, for both d, = 58 nm and d, = 262 nm, with maximum
values of 5.1 and 3.3 GPa, respectively (see Fig. 7). These
hardness profiles are similar to ones reported for worn
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Fig. 4. The spacing between two consecutive Ag layers as a function of
depth below the sliding surface for CugpAg;o alloy annealed at 750 °C and
worn against SS440C disk. Error bars correspond to one standard
deviation from 15 measurements for each depth.

Cu-Ag eutectic alloys [25]. It is of note that the maximum
hardness of the d,, = 262 nm sample, 3.3 GPa, is lower than
the base hardness of the d, = 58 nm sample, 4.2 GPa, and
significantly lower than its maximum hardness, 5.1 GPa.
Therefore, the improved wear resistance observed in the
Cu-Ag alloys with large initial Ag precipitate size cannot
result from deformation-induced hardening.

3.2. High-pressure torsion microstructures

In order to confirm that the nanolayering was induced
by the deformation imposed by sliding wear, we subjected
samples from the same CugpAg;o materials to HPT. Room-
temperature HPT has indeed been shown to force Cu and
Ag into solution, starting from hypoeutectic alloys [29],
eutectic alloys [30] or Ag precipitates in a Cu matrix [24].

While other SPD techniques, such as high-energy ball mill-
ing of elemental powders, can also force the moderately
immiscible elements Cu and Ag into solid solution
[8,23,31-37], an important advantage of HPT is that shear
strain y can be quantified using the expression y = 2nrAd/t,
where ¢ is the specimen thickness, Af is the angle of rota-
tion and r is the radial distance from the torsion axis. This
equation assumes that the deformation is homogeneous
throughout the sample thickness [7,38]. Additionally, the
predominant deformation mode during HPT is nearly sim-
ple shear, as is the case for sliding wear, although other
modes can also be present close to the wear surface, owing
to the triaxial stress state in contacting asperities [39].

Cu-Ag disks with initial precipitate size dj, =262 nm
were deformed by HPT using the procedure detailed by
Arshad et al. [24], except that we used continuous torsion
in one direction so as to better simulate sliding wear.
Cross-sectional TEM samples were prepared at radial dis-
tances from the torsion axis corresponding to shear strains
of =60 and 120. TEM and HAADF-STEM analyses indi-
cate that the HPT microstructures were very similar to the
ones observed in worn samples, and in particular chemical
nanolayering was also observed in the HPT samples, as
illustrated in Fig. 8. The average distances between two
consecutive Ag layers were 22.9 +4.2 and 18.1 £ 2.3 nm,
for the samples deformed by HPT to strains of ~60 and
120, respectively. The layer thickness for the latter strain
is close to the value of ~15 nm obtained by extrapolating
up to the wear surface measurements made below it (see
Fig. 4). This suggests that the maximum strain in worn
samples exceeds slightly ~120. We note that wear-induced
layering appears to stabilize layers that are more regular
than the ones induced by HPT (compare e.g. Fig. 3(a) with
Fig. 8(a and b)). The HPT layers are rougher, and
sometimes exhibit kinks. Whether this difference is an
effect of a nearby surface in the one case but not the other,
or is a somewhat different strain path, is currently under
investigation.

Fig. 5. ND-TD cross-section of two-phase CugyAgo alloy annealed at 750 °C and worn against SS 440C disk: (a) bright-field TEM image and (b)
corresponding HAADF-STEM image, ~1.5 pm below the wear surface. Arrows A and B point to Ag precipitate tips ending in Cu grains and at Cu/Cu
boundaries, respectively. Arrow C points to Cu/Cu grain boundaries not separated by Ag layers.
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Fig. 6. ND-SD cross-section of CugyAg; alloy annealed at 450 °C and worn against SS 440C disk: (a) bright-field TEM image and (b) corresponding
HAADF-STEM image just below the wear surface (yellow dashed line). Three regions are identified: (1) Cu—Ag solid solution; (2) Cu—Ag nanolayered
structures; and (3) deformed bulk two-phase Cu-Ag. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 7. (a) ND-TD cross-sectional SEM image with indentation marks, (b) load—displacement curves at different depths and (c and d) hardness changes
with depth below wear surface for different initial precipitate diameters, dp,. Note that (a) and (b) are from the sample with dj, = 262 nm. Electroless Ni
coating was applied after wear to protect the surface during cross-section polishing.

The recent HPT investigations of forced chemical mix-
ing in Cu-Ag explain why a solid solution formed just
below the wear surface in the case of initial Ag precipitate
size of d, =58 nm (Fig. 6(a and b)), while a two-phase
microstructure was retained for samples with d, = 262 nm
(Figs. 2(a) and 3(a)). Indeed Arshad et al. [24] found that
the strain needed to achieve a solid solution, &, scaled
linearly with the size of the Ag precipitates, from &y; ~ 110
for d,=58nm to enix ~ 700 for d,=262nm, in good
agreement with a theoretical prediction based on the

superdiffusive character of the chemical mixing forced by
plastic deformation [36,40]. If we assume that the maxi-
mum shear strain reached during sliding wear, just below
the wear surface, is the same for samples with d, = 58 nm
and d, = 262 nm, the above HPT results on mixing suggest
then that this maximum strain is larger than 100 but less
than 700. This estimate is compatible with the one derived
in the previous paragraph from the comparative analysis of
the chemical layer thickness in worn and HPT samples.
While this estimate for the shear strain at the wear surface
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Fig. 8. HAADF-STEM images on ND-SD cross-section of CugyAg;o alloy annealed at 750 °C and subjected to HPT to a shear strain of (a) ~60 and (b)

~120. Chemical nanolayering is observed in both cases.

is large, it is compatible with measurements obtained on
other metallic tribopairs [10,13,41]. Note that the methods
traditionally used to estimate shear strains induced by wear
are not applicable here, because the small initial grain size
and the precipitate dissolution preclude the use of fiducial
markers, such as grain boundaries [10,41] or layer rotation
in eutectics [25].

4. Discussion

The microstructural characterization of the worn layers
suggests that the improvement in wear resistance is due to
the presence of Ag nanolayers just below the sliding sur-
face. This rationalization derives from the well-established
practice of using soft metal coatings, such as Babbitt alloys,
to localize plastic deformation in these surface layers,
thereby reducing wear. Ag is in fact commonly used as a
solid lubricant at moderate temperatures, ranging from
room temperature to ~500 °C. TEM diffraction patterns
suggest that the nanolayers develop a shear texture, with
(111)//ND, which is typical of fcc metals. This texture
should further facilitate shear localization in the Ag layers
or, more likely, at the Cu/Ag interfaces, just below the
wear surface. It should be noted that the reduction in wear
rate is largest, by a factor of about 20, when a Cu—Ni-Sn
bronze is used as the counterface disk for wear testing
(see Table 1). In this case, no tribolayer is observed at
the sliding surface. In contrast, when the counterface
material is SS440C, a well-defined tribolayer develops,
comprising a mixture of nanocrystalline metallic Cu and
Ag-rich phases, as well as Cu-based and Fe-based oxides
(see Figs. S6 and S7 in Supplemental information). These
observations are in agreement with prior results on tribo-
layers [13,42]. It was found in those studies that when
SS440C is used as the counterface material the tribolayer
acted as a lubricant and reduced wear. It is therefore not
surprising that the improvement brought about by chemi-
cal nanolayering is smaller in this case. The important con-
clusion here is that tribolayers cannot explain the measured
reductions in wear rate with the initial Ag precipitate size

since (i) they are present with similar characteristics for
all pin-on-disk experiments performed against SS440C disk
and (ii) they are absent in the case of tests performed
against Cu—Ni-Sn disk.

The main distinctive difference between the different
worn microstructures resides in the spatial extension of
the Ag and Cu nanolayers. The nanolayering observed here
in Cu—Ag is reminiscent of the crystallographic nanolayer-
ing reported by Hughes et al. in pure metals like Cu, Al and
Ni subjected to severe plastic deformation [43-46]. In both
cases, large equiaxed grains are transformed into layers
whose thickness decreases as strain increases. The depen-
dence of the layer thickness with depth below the wear sur-
face for Cu-Ag (Fig. 4) is remarkably similar to the
measurements reported in Ref. [45] for Cu subjected to a
friction test. In both cases, the thickness of individual lay-
ers decreases approximately linearly upon approaching the
sliding surface, reaching a minimum value of ~10 nm. In
the case of crystallographic nanolayering, it has been estab-
lished that the layers are separated by geometrically neces-
sary boundaries (GNBs), the thickness and misorientation
dependence with strain of which obey a similitude principle
[45]. These features have been rationalized by local imbal-
ances in slip system activity in materials undergoing stage
IIT and IV dynamical recovery [47-50]. Very recently, sur-
face mechanical grinding treatment of pure Ni at a high
strain rate has also been reported to produce a nanolayered
structure in pure Ni that is remarkably stable during
annealing [51]. These previous results were obtained on
pure elements or single-phase material, and thus one
important novel result of the present work is the stabiliza-
tion by severe plastic deformation of alternating Cu-rich
and Ag-rich nanolayers. This self-organization results from
a complex evolution of the microstructure of this two-
phase alloy. In fact, recent experiments on nanoscale Ag—
Cu eutectic alloys subjected to surface mechanical attrition
treatment (SMAT) showed that the pre-existing Cu layers
were destabilized and progressively transformed to smaller
Cu precipitates [52]. In contrast, in our experiments, the
morphology of the Ag-rich phase is transformed from
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initially equiaxed precipitates to platelets stretched along
the SD direction, as well as along the TD direction, as seen
in Figs. 3 and S2. Observations made at intermediate
strains, before these platelets form nearly continuous layers
(see Fig. 5), reveal that the platelet tips are frequently
located at Cu/Cu layer boundaries. We thus propose that
the chemical layering results from the plastic deformation
and stretching of Ag precipitates guided by GNBs that pro-
gressively form in the matrix as the strain increases, as they
would in pure Cu. The layer thickness should thus largely
be determined by the crystallographic layering of the Cu
matrix. This rationalization suggests that it should be
enlightening to characterize the Cu/Ag and Cu/Cu bound-
aries in the nanolayering regime, and in particular the ori-
entation relationships of these boundaries. This is left for
future work. As Cu-Ag eutectic layers are destabilized dur-
ing SMAT, we conclude that the deformation mode, which
is predominantly simple shear in sliding wear and in HPT
but not during SMAT, plays an essential role in chemical
nanolayering.

It is important to note that, while chemical nanolayering
is a transient phenomenon in samples processed by HPT, it
may be permanently present at the wear surface under
steady-state wear. When plastic strain can be indefinitely
increased, e.g. in ball milling or HPT, room-temperature
plastic deformation always leads to the homogenization
of Cu-Ag alloys. In these cases, nanolayering is a transient
microstructure. For sliding wear, however, the system
imposes a boundary condition not found for ball milling
and HPT. Specifically, strain is not an independent vari-
able, and steady-state wear regimes are reached for a finite
maximum strain of the pin material, as surface material is
continuously removed, forming wear debris. It is therefore
possible to maintain in steady-state wear a surface that is
permanently self-organized into chemically alternating
nanolayers, provided that the maximum strain experienced
by the material is less than the critical strain required for
dissolution. In this work, we control the critical strain for
dissolution by increasing the initial Ag precipitate size via
annealing. If the initial precipitate size is too small, e.g.
for the as-pressed samples or the samples annealed at
450 °C, the maximum strain at the wear surface exceeds
the critical strain, resulting in a solid solution at the wear
surface and inferior wear resistance. When the initial pre-
cipitate size is large enough, as in the case of samples
annealed at 600 and 750 °C, the maximum strain at the
sliding surface is less than the critical strain and alternating
Ag and Cu nanolayers are thus permanently present at the
sliding surface in steady-state wear.

Deformation-induced chemical nanolayering, and its
associated reduction in wear rate, should be observable in
other alloy systems. The prerequisites are that the starting
microstructure of these alloys would contain precipitates of
either low melting point and ductile metals, such as Ag, Sn,
In or Bi, or other low shear strength phases that could
initially co-deform with the matrix, until forming near con-
tinuous layers. Plastic deformation near the wear surface

should then localize in these layers, resulting in a reduction
of wear rate. The initial precipitates should be sufficiently
small to form nanolayers during wear up to the sliding sur-
face, but large enough not to homogenize. While some
chemical nanolayering is also observed for samples with
small initial precipitate diameters (see regions 2 in Figs. 6
and S3), this nanolayering does not extend all the way up
to the wear surface and therefore cannot lubricate contact
asperities. It is interesting to compare the present results
with the approaches employed for the design of “chame-
leon” coatings [15,17,18,53], where sliding wear of a com-
posite material leads to the coating of the wear surface
with lubricious phases such as Ag, Mo oxides and silver
molybdates. An essential difference is that, in this last
approach, thermal activation is necessary to promote the
segregation of Ag or the formation of the oxides at the slid-
ing surface, thus requiring elevated temperatures, ranging
from 300 to 700 °C. Our work shows that wear-induced
nanolayering reactions provide an alternative way to
obtain extended layers reducing wear rates, even at temper-
atures at which thermal transport is limited. It should be
interesting to investigate the effect of wear temperature
on nanolayering in Cu—Ag since, at elevated temperature,
thermally activated diffusion should promote layer and
precipitate coarsening, thus possibly interfering with the
stabilization of chemically distinct nanolayers. Experi-
ments at low temperatures (7' < 50 °C), on the other hand,
should indicate whether diffusion plays any significant role
in the novel self organization reaction reported in the pres-
ent work. It will also be interesting to investigate chemical
nanolayering in highly immiscible alloy systems, such as
Ni—Ag, Fe-Ag or Cu-Nb, with heats of mixing in excess
of 25 kJ mol~'. Unlike Cu-Ag, which is only moderately
immiscible with a heat of mixing ~6 kJ mol ™", severe plas-
tic deformation cannot force the stabilization of concen-
trated solid solutions in these alloy systems, and one can
thus anticipate that, if chemical nanolayering takes place,
it should persist up to the sliding surface regardless of the
initial precipitate size. An important practical consequence
would be that wear performance should then be much less
sensitive to the initial alloy microstructure.

The potential benefits of severe plastic deformation for
improving materials properties has now been recognized
for more than a decade [2]. The emphasis of past studies,
however, has been on elemental or single-phase materials.
Recent works on two-phase materials have revealed novel
possibilities, as illustrated, for instance, by the controlled
stabilization of Cu-Nb nanolaminates with remarkable
thermal stability by accumulative roll bonding [54]. In that
case, the layered morphology was preserved throughout
the repeated rolling of the material, starting from pure Cu
and Nb sheets. It is anticipated that additional complex
and functional self-organized nanostructures can be
obtained by varying the strain path and alloy chemistry.
An additional characteristic of wear-induced self-organized
nanostructures is that they are graded, here over several
microns, owing to the concentration of deformation near
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the sliding surface. It would be interesting to investigate
specifically the contribution of this grading, since graded
microstructures can afford increased resistance to materials
damage and failure [55]. The present work is encouraging
toward these directions, already showing the beneficial effect
of chemical layering that occurs spontaneously during SPD.

5. Conclusion

Dry sliding wear was observed to result in the spontane-
ous stabilization of chemical nanolayering in CuggAgig
two-phase alloys. The initial size of the equiaxed Ag-rich
precipitates, which was controlled by annealing prior to
wear testing, was found to have a profound impact on worn
microstructures and wear performances. For large enough
initial diameters, 122 and 262 nm in the present study, alter-
natingly Ag-rich and Cu-rich nanolayers were present sev-
eral microns below, and up to, the sliding surface during
steady-state wear. In contrast, for smaller initial Ag precip-
itate diameters, 32 and 58 nm, the mixing forced by plastic
deformation lead to the stabilization of a nanocrystalline
Cu-Ag solid solution just below the sliding surface. TEM
revealed that, for large enough initial Ag precipitates,
wear-induced plastic deformation led to the stretching of
the initially equiaxed precipitates along both the sliding
direction and the transverse direction, resulting in the for-
mation of nanolayers extending over 1 pm in the sliding
plane. It is proposed that the stretching of the Ag precipi-
tates into layers was guided by the GNBs formed in the
Cu matrix during wear. Similar alternating layers were also
found when the same alloys were subjected to SPD by HPT,
which, as sliding wear, imposes a predominantly simple
shear deformation mode. Lastly, while the hardness of the
alloys decreased as the initial Ag precipitate diameter
increased, their wear rates decreased by a factor of 2-20.
This unusual effect was explained by the ability of the
Ag-rich nanolayers, when present up to the sliding surface,
to lubricate sliding contacts. It is proposed that sliding
wear-induced chemical nanolayering offers a novel strategy
for the design of materials with high wear resistance.
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