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Graded Nanostructures Produced by Sliding and Exhibiting Univer sal Behavior
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Nanostructured copper was produced by deformation under large sliding loads. In the near surface
layers, 10 nm scale microstructures form and coarsen with increasing depth from the surface. The graded
structure enables characterization of the structural scale over several orders of magnitude. Analysisreveals
that universal scaling of the microstructure exists from 10000 to 10 nm. The limit of scaleis pushed to an
order of magnitude of the ultimate scale at which the crystallinity islost. This universality opens the door
for easy manufacture of ever finer scale components by deformation.
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The demand for very fine scale components is dramati-
cally increasing for a number of technologies that uti-
lize micromechanical devices. To optimize properties,
including ductility and strength, it has been proposed that
many of those devices be constructed from metals and al-
loys whose microstructure scales from submicrometers to
nanometers. Such metals are very difficult to produce, but
cold deformation is apromising route. Large plastic defor-
mation (strain) is required since even a 100 times thickness
reductionin platerolling of Al, Cu, or Ni canonly bringthe
scale of the microstructure down to about 100-200 nm. A
way to obtain extreme degrees of deformation is to press
metal parts together and slide them against each other.
During the dliding, the surface asperities or ridges of the
harder metal act as a miniature plow or bulldozer to push
up and then flatten a wave of the softer metal [1,2]. Asthis
wave isflattened its surface is shifted forward from the un-
derlying layers producing a shear strain estimated near 3.
As the parts continue to dlide the quick passage of suc-
cessive ridges intensifies this deformation. Although this
process was conceived within the context of friction and
wear [3], we use it here as a quick and easy tool to create
very fine graded microstructures.

Formation and retention of these structures depends on
sample and counterface materials as well as on asperity
shape and pattern. We describe results from malleable high
purity Cu (99.99%) block samples with an initial annealed
grain size of 100 wm and flat hardened steel counterfaces.
Thefinal Cu structureis stabilized by the solution of 1% Fe
(and possibly O from air) into the near surface regions, 0 to
6 pnm deep, diffusing from the counterface in the deforma-
tion process. Thisin situ alloying inhibits recrystallization
of the fine structure which can occur in highly deformed
pure Cu at room temperature [4].

A unique single-pass flat-plate friction tester was used
as described in Ref. [5]. The steel counterface was blan-
chard ground to produce roughly parallel sets of ridgelike
asperities with a 130 um wavelength and 5°-10° inclina-
tion angle. During deformation ~1000 asperities plow the
surface of the Cu. The combination of hard shallow steel
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asperities and malleable Cu enables this process to pro-
duce very large strains below the surface, while minimiz-
ing fracture and galling of the Cu. Note that the sample
blocks have a thickness of 1 cm that is much deeper than
the surface deformation zone of ~300 wm. The large nor-
mal pressures and short dliding distance of 127 mm distin-
guish this process from typical friction and wear tests.

A view of the nanostructures produced in the surface
layers of the Cu friction samples is obtained at high mag-
nification by transmission electron microscopy (TEM)
(Fig. 1). Friction surfaces are marked and protected by Ni
electroplating after deformation and prior to cross section-
ing. The cross sections show finely spaced and roughly
planar boundaries paralel to the surface. Just below
the surface, as illustrated by the tracing of the structure
(Fig. 1), a distribution of boundary spacings is observed,
from 3-30 nm with an average of 12 nm (spacings,
DSNBare measured perpendicular to the boundaries).
We have previously classified these extended boundaries
as geometrically necessary boundaries (GNB).

These boundaries separate crystal volumes that are ro-
tated with respect to one another. The extended boundaries
provide a spatially intermixed distribution of low (<4°)
to high (>15°) angle boundaries. The defect structure be-
tween the boundariesisclearly resolved for spacings above
30 nm. While much of this volume is nearly dislocation
free, short dislocation boundaries and a few isolated dislo-
cations are observed bridging the flat extended boundaries
(Fig. 1). The short bridging dislocation boundaries are
low angle boundaries. A few deformation-induced twins
are observed (Fig. 1) aswell as unresolved features bridg-
ing the narrowest boundary spacings. These latter features
may be stacking faults.

As one views the layers farther below the surface,
scanning from left to right in Fig. 1, the same morphol-
ogy is observed abeit with a larger spacing between
the extended boundaries. This graded structura size is
illustrated both microstructurally and quantitatively in
Figs. 1 and 2. The average spacing, DSNB, increases from
50 to 170 nm with depths from 2 to 20 um. Extended
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FIG. 1. Graded nanostructures produced by friction deformation as viewed in cross section by TEM. (@) Micrograph and (b) tracing
of extended boundaries in Cu following sliding under 12 MPa applied normal pressure; the left side is coincident with the surface.
Rectangular boxes show location of the adjacent high magnification excerpts illustrating a layer with 12 nm average boundary
spacing. These rectangles are 70 nm wide. (c) Following dliding with 22 MPa pressure; the surface is coincident with the left side.
(The pale gray region underneath the scale marker is the hole produced when making the TEM foil.) (d) Tracing and micrograph
(e) of sample in (a) but at 20 um below the surface. Scale markers are 2 um.

boundaries consist of a spatial intermixture of low to
high angle boundaries (see also Ref. [6]) with the average
angle of al boundaries decreasing with increasing depth.
Short low angle dislocation boundaries bridge between
them.

At much larger depths, 100-200 wm, below the surface,
where the strain is low, long extended boundaries are also
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observed but they are inclined to the surface and have a
relatively large spacing of 1-2 um. The extended bounda-
ries have low to medium angles. High angle boundaries
areno longer observed except asthe original grain bounda-
ries. Between these extended boundaries, approximately
equiaxed cells are found and defined by short dislo-
cation boundaries. The cell interiors are fairly free of

135503-2



VOLUME 87, NUMBER 13

PHYSICAL REVIEW LETTERS

24 SEPTEMBER 2001

ol

0 1000 2000 3000 4000
Depth below surface (nm)

FIG. 2. Average boundary spacing DSNB vs depth for afriction
sample with 12 MPa normal pressure.

didocations. Cell boundaries consist of low angle bound-
aries and their disdlocation character is clear.

Close estimates of the strains in the different layers can
be made based on the accurate microstructural measure-
ments and the continuous reduction in spacing. The reduc-
tion is analyzed quantitatively by introducing the increase
in boundary area per unit volume, S,, as a structural pa-
rameter. For layered planar structures S, = 1/DSNB [7].
In experiments in which strains can be measured well, i.e.,
rolling and torsion, a power law relationship isobserved, in
fcc metals, between S, and effective von Mises strain, ey,
up to 5 (i.e, a reduction in thickness of ~100) (Fig. 3).
Different exponents in the power law are observed for dif-
ferent materials as shown by the two examples in Fig. 3.
Note that in Fig. 3 the data for rolled Cu are from [8]
and that for torsion deformed Cu are from [9]. Strain is
estimated based on an extrapolation of these power laws
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FIG. 3. Extrapolation of the power law relationship between
boundary area per unit volume S, and strain. Strain extrapola
tions for friction data (solid symbols) are based on other experi-
mentsin rolled Ni (open triangles), rolled Cu (open circles), and
torsion deformed Cu (open squares).
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using the friction spacing data. Strain from this extrapo-
lation overlaps, at larger depths and smaller strains, the
strain measurements estimated from shear offsets produced
in preexisting twin boundaries perpendicular to the surface
(e.g., see Ref, [5]). Strain levels at the surface are >100.

The continuous internal morphological progression in
the high to low strain layers of the friction sample is next
compared to deformation structures obtained by rolling.
Even extensive deformation by rolling is limited to strains
near 5. Thus direct comparisons between friction and
rolling is limited to the deeper layers in friction. Rolling
structures have been extensively studied in medium to high
stacking fault energy metals: Al, Cu, and Ni. A similar
morphological evolution has been observed for these met-
als. Minor solid solution additions to these pure metals
only refine the structure without significant morphology
changes. Since the most comprehensive large strain studies
were performed on Ni [10], they are used for comparison.
We believe a comparison with bulk deformation behavior
isvalid due to the fineness of the structure observed in the
near surface layers. Previous experiments have shown that
aratio of grain size versus specimen size of 1 to 10-15,
eliminates surface effects on the mechanical properties of
the whole specimen [11].

In both friction and rolling, as described above, two
types of boundaries are observed: the flat extended
boundaries and the bridging short low angle dislocation
boundaries. The inclination of the extended boundaries
with respect to the sample deformation in both rolling and
friction shows a transition from a high inclination at low
strain to one that is parallel at high strain. Of particular
interest with respect to the similarity are the flat extended
boundaries having a unique spatial intermixture of low to
high misorientation angles. This morphological similarity
appears to indicate that the same underlying slip and shear
mechanisms are controlling the microstructure evolution
from strains of 0.1 to >100.

To more rigoroudly test this hypothesis, note that the
boundary tracings showing a distribution of sizes within a
given layer in friction and rolling look alike. This simi-
larity inspires a scaling analysis of the friction structure.
It has been found in a monotonic deformation that the
probability distributions p(DSNB, DSNB) of individual
perpendicular spacings, DSNEB, between the extended
boundaries, at a given strain level or condition, can be
scaled by their average spacing, DSNB, into a single
universal distribution [12]. Thus, p(DSNB DSNB) =
(DSNB)~1 £(DSNB/DSNB) s a simple function of the
average spacing.

Accordingly spacings were measured in narrow layers
parald to the surface as a function of depth. The proba-
bility distributions of these spacings within a given layer
(i.e., average strain level) normalized by their individual
average spacings are plotted in Fig. 4. Following this nor-
malization, al of the distributions collapse into the same
universal distribution as before, thereby extending itsrange
of applicability 1 order of magnitude in average spacing
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FIG. 4. Probability distributions of nanometer scale bound-
ary spacings produced by friction as a function of depth
normalized by their average spacing (see Fig. 2) compared
to distributions at larger scales in rolled Ni. Friction, open
circless. DSNB = 12 nm; open squaress DSNB = 19 nm;
open diamonds: DSNB = 31 nm; open up triangles: DSNB =
35 nm; open down triangles: DSNB = 38 nm; solid circles:
DSNB — 41 nm; solid squares: DSNB = 49 nm; solid dia-
monds.  DSNB = 55 nm; solid up triangless DSNB =
61 nm; solid down triangless DSNB = 73 nm; squares
with cross:. DSNB = 171 nm; plus sign: Ni 70% reduc-
tion, DSNB =280 nm; and crosss Ni 98% reduction,
DSNB =133 nm.

and in strain level. Strikingly, the scaling of the spacing
distributions holds over nearly 3 orders of magnitude in
spacing and strain level.

This universal scaling, coupled with the continuous re-
duction in average spacing with increasing deformation,
indicates that there is a continuity of the processes which
create new boundaries and those that remove them, from
low to very high strain. These processes are disloca-
tion dlip, short range dislocation interactions, and longer
range interactions between the boundaries. Since defor-
mation and microstructural evolution occurs by disloca-
tion dlip processes in rolled metals, the universal scaling
of the friction nanostructures indicates the continuation of
the underlying slip processes even to 10 nm structures at
extreme strains. We thereby explore a scale not accessible
to conventional deformation experiments, in which the
lower limit is about 100 nm, or atomistic calculations, in
which the upper limit is about 10 nm [13]. Our results
push the limits of scale and boundary spacing within an
order of magnitude of the ultimate size limit at which we
expect crystallinity to be destroyed.

The reduction in size with estimated strain shows a
continuous refinement without saturation, demonstrating
clearly that cold deformation processes have the po-
tential to produce microstructures with characteristic
spacing down to 10 nm following very high strains. An
order of magnitude decrease in size is realized by adapting
this friction process compared to other bulk deformation
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processes (e.g., rolling, equal channel angular pressing,
drawing, and accumulative roll bonding [14]). The con-
tinuous structural refinement and evolution observed
creates possibilities for tailoring a fine structure in the
range from ums to nms by proper selection of the
deformation process condition. The proven extrapolation
of the microstructure to the nanoscale is assumed to be
paralleled by a significant increase in strength. We have
not been able to underpin this suggestion by experiment as
the spatial resolution of current techniques (e.g., nanoin-
dentation) is much larger than the scale of the micro-
structure layers. Rather this assumption is based on the
behavior of nanostructured materials produced by other
methods. For example, in Cu samples produced by gas
condensation and warm compaction, the hardness values
show a continuous increase with a decrease in boundary
spacing down to 15 nm [15]. Deformation under a large
dliding load therefore has potential as a versatile process
for the manufacture of fine scale components of complex
shape for application in the microelectronic, medica
diagnostic, and implant industries.
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