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Origins of Folding Instabilities on Polycrystalline Metal Surfaces
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Wear and removal of material from polycrystalline metal surfaces is inherently connected to plastic flow.
Here, plowing-induced unconstrained surface plastic flow on a nanocrystalline copper surface has been
studied by massive molecular dynamics simulations and atomic force microscopy scratch experiments.
In agreement with experimental findings, bulges in front of a model asperity develop into vortexlike fold
patterns that mark the disruption of laminar flow. We identify dislocation-mediated plastic flow in grains
with suitably oriented slip systems as the basic mechanism of bulging and fold formation. The observed
folding can be fundamentally explained by the inhomogeneity of plasticity on polycrystalline surfaces
which favors bulge formation on grains with suitably oriented slip system. This process is clearly distinct
from Kelvin-Helmholtz instabilities in fluids, which have been previously suggested to resemble the
formed surface fold patterns. The generated prow grows into a rough chip with stratified lamellae that are
identified as the precursors of wear debris. Our findings demonstrate the importance of surface texture and
grain structure engineering to achieve ultralow wear in metals.
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I. INTRODUCTION

Understanding the unconstrained plastic flow (UPF) of
polycrystalline metallic surfaces in sliding contact with
hard asperities is crucial for the control of wear in metal-
based tribological systems [1-3] and the generation of
surfaces in metal-working processes [4—7]. The wear
resistance of metallic machine parts can be influenced
by preconditioning—either by the final manufacturing
steps [8,9] (such as lapping, honing, and grinding) or by
suitable running-in procedures during the initial life of a
tribological contact [10]. Both modify the topography, as
well as the crystalline structure and chemical composition
in the near-surface material [8]. The intricate interplay
between these three structural properties complicates the
determination of optimum initial conditions and conse-
quently tedious trial-and-error experiments have to be
performed to improve wear resistance in metallic materials.
Of course, a mechanism based understanding of UPF
would guide practitioners towards an intelligent design
of wear-resistant metal surfaces thus drastically reducing
the number of trial-and-error cycles.

Traditionally, models of UPF have been based on smooth
laminar material displacement [3]—an assumption whose
general validity has been recently challenged by in situ
observations of the disruption of laminar flow via folding
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on a microcrystalline copper surface sliding against a
hard steel wedge [11]. The resemblance of the observed
vortexlike fold structures to patterns arising from
Kelvin-Helmholtz-type instabilities in fluids [12] led to the
interpretation of folding as a fluidlike flow instability
indicative of a confined early stage of turbulence [11].
Atomistic simulations reporting Kelvin-Helmholtz patterns
in plastic flow between sliding monocrystalline surfaces [13]
were quoted to support this conjecture [11]. Bulges that
arose at a distance of a couple of grain diameters in front of
the wedge were subsequently compared with undulating
protuberances of fluids near hydraulic jumps [14].

Interestingly, the authors of Ref. [11] only observed folds
in their accompanying finite-element (FE) simulations with
a two-phase model (composed of soft and hard grains)
suggesting that crystal plasticity causes folding and not a
fluidlike instability. Unfortunately, FE lacks the description
of the atomistic and crystallographic details underlying the
deformation mechanisms responsible for the folding proc-
ess. Consequently, the microscopic origins of UPF-induced
folds in polycrystalline metallic surfaces remain elusive
(despite the impressive progress of in situ [11,15-17] and
ex situ [18,19] microscopy techniques for the observation
of tribological systems).

In this article, we use large-scale atomistic simulations to
shed light on the basic mechanisms underlying fold
formation during UPF. We demonstrate in detail that bulges
in front of a moving indenter with a —45° rake angle are
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localized on grains with slip systems that are favorably
oriented with respect to the indenter’s cutting plane while
the surface of unsuitably oriented grains remains smooth.
This implies that even though the subsequently formed
surface folds might resemble the early stages of a vortex,
they are a consequence of the orientation anisotropy on the
granular length scale and not of a fluidlike flow instability.
Our simulations are supported by an atomic force micro-
scope (AFM) scratch experiment that reveals strikingly
similar fold patterns. These results suggest a notable
improvement of wear resistance by a preconditioning that
produces a suitable anisotropic crystallographic texture in
the near-surface region of metals.

II. METHODS

A. Simulation approach

The plowing of a nanocrystalline (nc) copper surface by
a rigid tapered indenter is studied by massive parallel
molecular dynamics (MD) [20] employing an embedded-
atom method potential [21]. The surface is modeled as a
160 x 40 x 30 nm? block [see Fig. 1(a)]. To construct the
copper surface, a Voronoi algorithm is used to create a fully
periodic system with 1584 randomly oriented grains with
grain diameters ranging from 4 to 12 nm. The constructed
substrate contains 15409 694 atoms after removing atoms
closer than 0.16 nm within the grain boundaries. The initial
Voronoi construction is first optimized with the fast inertial
relaxation engine (FIRE) [22] before annealing the sample
by heating and holding it at 80% of the melting temperature
(T,, = 1152 K) for 500 ps followed by cooling it to 300 K
within 50 ps and finally holding the sample at 300 K for
50 ps in order to create a system with relaxed grains and
grain boundaries. The temperature changes are conducted
within 10 ps respectively with a Berendsen thermostat [23]
while holding the pressure constant at 0 GPa with a
Berendsen barostat.

During annealing, the system dimensions shrink to
158.8 x 39.5 x 29.6 nm>. After annealing, the system
acquired an approximate log normal distribution of grains
ranging in size from 4 to 18 nm. Despite being limited to
nanosized grains, the modeled distribution of grain sizes
and grain orientations is common in conventional poly-
crystalline metals, which typically exhibit a log normal
distribution of grain sizes and a random distribution of
grain orientations.

The last 40 ps of annealing were performed without
periodic boundary conditions in the z direction to achieve
surface relaxation. This yields a negligible surface height
difference of less than 1 nm.

Also during the plowing simulations, periodic boundary
conditions are employed in the lateral directions and a
0.5 nm layer of fixed atoms at the bottom of the block
mimics the anchoring of the resulting Cu nanofilm to a
large sample. The indenter is modeled as a nonreactive rigid
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FIG. 1. Molecular dynamics simulation of unconstrained
surface plastic flow. (a) Copper nanocrystalline substrate and
rigid indenter model. Atoms are colored according to their local
environment using a common neighbor analysis (CNA) [24].
Green spheres represent atoms with an fcc environment; red
spheres indicate stacking fault and twin boundary atoms; and
gray spheres locate GBs and other defect sites. The grains are
randomly oriented and contain defects characteristic of annealed
copper [25-28]. (b)-(d) Sequence of snapshots [at the times and
indenter positions indicated in Fig. 1(a)] showing an xz cross
section of the Cu block. The atoms have been colored according
to their initial vertical position revealing the initiation and
evolution of folding patterns during plowing. (e) Close-up of
the chip shown in Fig. 1(c). (f) Same as (e) but colored according
to CNA.

wedge [with a 90° opening angle; see Fig. 1(a)] interacting
with the Cu surface via a harmonically repulsive potential
with a stiffness of 32 Nm~! per atom and a 0.5 nm cutoff.
A 300 K thermostat is applied to all atoms in the system
in order to reflect ambient temperature and to reduce
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thermally induced grain growth [25,29] in nc-Cu. Note that
in metallic solids, heat conduction predominantly occurs
through electronic excitation. Therefore, conventional
classical molecular dynamics (where only ionic degrees
of freedom are modeled) cannot adequately capture heat
generation and propagation in metals such as copper.
One approach to conduct thermally accurate MD simu-
lations for metals is to thermalize the whole system to
the desired temperature. Along these lines, the entire
nanocrystalline system presented here is thermalized dur-
ing indentation and plowing using a dissipative particle
dynamics (DPD) thermostat [30] with a dissipation con-
stant of 0.1 eVpsA~ and a cutoff of 0.45 nm. DPD
thermostats are Galilean invariant and therefore do not
bias the velocity profile and do not add an artificial drag to
the observed deformation.

B. Experimental approach

Nanoindentation and plowing experiments are per-
formed on a nanocrystalline Cu substrate using an atomic
force microscope tip. To generate the nanocrystalline
Cu surface, a pure (99.98 wt%) oxygen-free highly
conductive (OFHC) microcrystalline Cu sample is first
polished with a 1 ym diamond particle suspension and
subsequently scratched with a reciprocating natural dia-
mond AFM tip (Bruker PDNISP) at a normal force of
134 uN. Focused ion beam (FIB) cross sections reveal the
formation of a nanocrystalline Cu surface layer [31] with
approximately 100-nm-sized grains. The plowing tests are
performed with a PDNISP probe (Bruker, formerly Veeco)
designed for nanoindentation experiments. The indenta-
tion probe consists of a diamond tip mounted on a
stainless steel cantilever with a calibrated spring constant
of 211 Nm™!. The diamond tip apex is the corner of a
cube formed by three right angles (see the Supplemental
Material [32], Fig. S5). The vertical axis of the pyramid is
approximately normal to the sample when mounted on the
atomic force microscope. The AFM used is a Dimension
V (Bruker, formerly Veeco) with a Nanoscope V con-
troller (Digital Instruments). The tip is moved at 0.1 Hz
over a scan size of 20 x 20 ym? yielding a horizontal scan
speed of 4 yums~!. The applied normal load is approx-
imately 134 uN. A complete trace of the wear track
generated by the nanoindentation tip can be seen in the
Supplemental Material [32], Fig. S6 where black lines
mark the trajectory. Cross sections of the wear track were
extracted with a Helios NanoLab 650 DualBeam
microscope (FEI). Platinum-rich protective layers were
deposited prior to preparing cross sections using an
electron- and ion-beam-induced deposition. The secon-
dary-electron picture of the cross section through the
chip was scanned with a current of 50 pA and 2 kV
at a tilt angle of 52°. No FIB secondary-electron images
were postprocessed for tilt correction.

ITI. RESULTS AND DISCUSSION

Prior to plowing, the surface is indented to a depth of
h =8 nm with a velocity of »; =20 ms™' resulting in
significant material pileup; see cross-sectional view in
Fig. 1(b) colored according to the initial vertical position
of the atoms (abbreviated throughout this paper
as initial-z color scheme). Subsequently, the nc copper is
plowed at constant 4 and a velocity of v, =20 ms~!.

The buildup of pronounced fold patterns can be observed
during the simulations. Figure 1(c) shows a snapshot of the
system at ¢ = 2 ns (see the Supplemental Material [32] for
a movie of the plowing). The folding leads to the formation
of a chip with a rough front face [Fig. 1(d)]. Similarities to
the micron-scale folds of Ref. [11] are apparent. Note that
folding is not restricted to Cu since it can also be observed
in simulations for other fcc metals (see the Supplemental
Material [32] for simulations with Pt [33], Ni [34], and Ag
[35] potentials).

By inspecting the microstructure of the copper film, the
mechanisms that govern the induced surface folding can be
detected. A close-up of the chip in Fig. 1(c) (marked by a
black frame) is shown in Fig. 1(e) along with additional
arrows that mark the notches between the surface protru-
sions. The observed notches occur consistently at grain
boundaries (GB): Fig. 1(f) shows a common neighbor
analysis [24] for the atoms in Fig. 1(e). Clearly, the arrows
coincide with gray zones in Fig. 1(f) representing GBs that
separate crystalline areas (green zones).

At some arrows in Fig. 1(e), discontinuities in the strata
of the initial-z color scheme can be discerned at GBs which
may indicate GB sliding [36] as one mechanism that plays
a role in the initiation of bulging and fold formation in nc
metals. However, in general bulging of surface grains
during UPF occurs mainly through dislocation-mediated
plasticity (for a further discussion, see the Supplemental
Material [32]). This finding is somewhat surprising, since
uniaxial deformation experiments of nanocrystalline cop-
per at grain sizes below ~20 nm show very limited plastic
deformation before fracture [37,38] and also corresponding
simulations mostly show other relaxation processes in the
grain boundaries instead of dislocation-mediated plasticity
[36,39,40]. The behavior can however be rationalized if
one considers that the action of the indenter on the surface
locally necessitates a specific mode of deformation and can
lead to extremely high local stresses. Indeed, the mean
shear stresses in front of the indenter can reach values on
the order of 5 GPa and stress peaks at grain boundaries may
be significantly higher so that dislocations can be easily
nucleated at grain boundaries between grains in front of the
indenter.

In the following, the bulging is analyzed in more detail.
The geometric form of the indenter with a —45° rake angle
suggests that an optimal crystal orientation for outward
flow contains a slip system whose slip direction coincides
with the rake face and motion of the indenter. This idea is
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supported by the literature on metal machining that reports
shear zones parallel to the cutting edge [41].

In order to quantify the ability of an atomic environment
to support a certain shear deformation, an atomic stress
projection factor (ASPF) is defined as follows. First, for
each atom with an fcc environment, the projections m; =
cos ¢, cos A, are calculated for the s =1,...,12 fcc slip
systems. Here, 4, are the angles between the normal of the
indenter’s rake face and the normals of the {111} slip planes
of the atomic fcc environment. ¢, denote the angles between
chip flow direction (reflecting the upward material transport
along the —45° rake angle) and the (110) slip directions
of the atomic fcc environment of the grain. The ASPF is
defined as the maximum m, of the 12 fcc slip systems
similar to the Schmid factor for uniaxial deformation.

The evolution of the ASPF is shown in Fig. 2 for a xz
cross-sectional slice of the Cu sample. Regions with
different ASPF are separated by grain and twin boundaries
(depicted in Fig. 2 as gray and pink lines, respectively).
During indentation (¢ < O ns), the large twinned grain G,
with low ASPF (=0.7) has been pushed to the right,
exerting compressive stress on grain G,. The ASPF of
G, (=0.9) is higher, indicating that one of its slip systems
supports shear deformation parallel to the rake face of the
indenter. This has produced a first little bulge on the surface
of G, during indentation [see Fig. 2(a) at t = 0 ns]. Such a
bulge does not always develop. It is for instance missing on
the left-hand side of the indenter in Fig. 1(b) due to a grain
with low ASPF (~x0.6).

By subsequent plowing, grains G; and G, are pushed
further by the indenter. The ASPF in G, is still higher than
G, and therefore both grains continue to deform differently
[see Fig. 2(b)]. In contrast to G, which continues to resist
bulging, the bulge on G, has moved significantly upward,
as it realigns (during its plastic deformation) into an
orientation with even higher ASPF (x1.0). Concurrently,
G; has also started to deform, accompanied by the
consumption of grains in its neighborhood such as the
upper part of G4 [Fig. 2(b)]. The growth of G5 by migration
of its grain boundaries continues creating an extended
vertically elongated region G, + G35 [see large red region in
Fig. 2(c) at t = 0.4 ns] with ideally aligned slip systems
and a large bulge.

In the meantime, the neighboring grains started to change
their structure. Grain G5 as well as its right-hand side
neighbor G4 are twinned [Fig. 2(b) shows the undeformed
structures]. Interestingly, G5 and G, which consist of twin
regions with low ASPF (x0.6) and high ASPF (~0.8 to 0.9)
[see Fig. 2(c)], only undergo slight bulging and are later
overflown by the coarsened G, + G; grain [see Fig. 2(d)],
which has a high ASPF (x~1.0). During further plowing, the
deformation of G¢ continues [see Fig. 2(d)] accompanied by
lattice reorientation that lowers the ASPF (x0.7) and stops
the bulging process. Further GB migration and even the
nucleation of new grains dominate the processes in the chip.
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FIG. 2. Temporal evolution of atomic stress projection factor.
In addition to the color coding according to the ASPF, GBs are
marked in gray and twins in pink.

Grain G is similar to G5, having a large twin region
with low ASPF (x~0.7) and a smaller one with high
ASPF (=0.9). Consequently, the plastic upward flow of
G5 is hindered, while GB migration allows parts of
the favorably oriented twin of G; and the next grains
Gy and Gy to merge. All these regions have high ASPF
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(~1.0) and are forming again a pronounced bulge [see
Fig. 2(e)].

From this detailed history of deformation events, a
new mechanism for fold formation can be deduced.
Bulge formation on the surface of grains with high ASPF
constitutes the necessary first step of folding. Note that low
ASPF grains also deform, but without bulging. In order to
provide further evidence for this, two additional simulations
are carried out [see Figs. 2(f) and 2(g)]. Grain G¢ in Fig. 2(c)
is either replaced by a grain with low ASPF (G¢' with 0.5)
or by a grain with high ASPF (G{ with 1.0). Indeed, the
surface of the former stays smooth [Fig. 2(f)] while the latter
develops a bulge [Fig. 2(g)] as well as a kink at the GB
between grains Gs and Gy.

From the evolution of the grain structure in Fig. 2, a
second mechanism that acts during the plowing of nc
materials becomes evident. Right from the start of the
plowing, grains in the chip merge and form a large super
grain [see for instance G, - - - G5 in Fig. 2(e)]. The under-
lying mechanisms are lattice reorientation, by which G,
and G3 merge, and grain boundary migration, by which
G, + G5 consumes Gy in Figs. 2(b)—(d). Both mechanisms
lead to a coarsening of the microstructure. At t = 6.5 ns,
almost the entire chip consists of a single large grain
spanning both lateral directions [see Fig. 3(a) and the
Supplemental Material [32]].

Both processes—bulging and coarsening—are evidently
linked with the motion of dislocations and their interaction
with the GBs. While dislocation-assisted GB migration
may generally occur in deforming materials [42] and
contribute to the deformation of polycrystalline materials
by shear coupling [43], it can also contribute by clearing the
path for plastic slip towards the surface in favorably
oriented grains and by straightening the GBs parallel to
suitably oriented slip planes.

Since our simulations have been performed for pure Cu
without reactive surface layers (such as oxides or carbon
overlayers), one might ask if folding also appears on nc
copper under ambient conditions. Therefore, we have
conducted a plowing experiment of nc-Cu in ambient
air. The nanoindentation tip has the shape of a cube corner
(i.e., the apex is formed by three orthogonal faces) resulting
in an asymmetric wear scar [Fig. 3(d)]. In our experiment,
plowing to the left was performed with an edge, while
plowing to the right was performed with a face of the cube.
Note that the latter resembles the plowing in our simulations.

After two reciprocating cycles, the tip is stopped in
the wear track during rightward plowing and removed in
the perpendicular direction leaving behind a small chip
[located under the blue rectangle indicating the location of
the FIB cut in Fig. 3(d)]. A side view of the chip exhibits
striking similarity with our simulated folding pattern. The
dark cracklike regions between the elongated grains sug-
gest that passivating layers (e.g., oxides) from the initial
surface have been incorporated inside the chip in agreement

FIG. 3. Comparison of the final chip in the plowing simulation
(at t = 6.5 ns) with a chip formed by experimentally plowing a
nc copper surface with an atomic force microscopy tip. Shown are
chip cross sections from the atomistic simulation with (a) CNA
color code and (b) initial-z color code. (c) A FIB cross-sectional
side view of the experimental chip. (d) Inset displaying a top view
of the wear track with the motion of the tip marked by red arrows
and the location of the FIB cut over the chip marked by a blue
rectangle.

with the arrest of external surfaces inside the simulated
chip. As shown in the Supplemental Material [32], further
reciprocating sliding leads to splitting of chips [such as
the one in Fig. 3(c)] into nanolamellae, which are the
precursors of lamellar wear debris often observed in
experiments.

IV. SUMMARY AND CONCLUSIONS

In conclusion, our large-scale MD simulations show that
differently oriented slip systems between neighboring
surface grains allow soft grains to form protrusions and
bulges between hard grains. Projecting the slip systems
onto the geometry of the indenter motion allows us to
differentiate between soft and hard grain orientations. Grain
boundary migration can orient GBs parallel to active slip
systems in soft grains. As indicated in Figs. 1(e) and 1(f),
GB sliding and GB migration do not contribute signifi-
cantly to the overall plastic slip because GBs often mark the
intrusions between folds in Figs. 1.

Our simulation conditions (thermostat and sliding veloc-
ity) mitigate processes (such as grain boundary diffusion,
grain-boundary-sliding-mediated rotations, and creep) that
are responsible for the plasticity in nanocrystalline metals at
higher temperatures or lower speeds [39]. Instead, the
chosen conditions favor dislocation-mediated processes
that are by no means restricted to nanoscale grains but
are rather well documented for texture formation in
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conventional polycrystalline metals [44] (see the
Supplemental Material [32]). Therefore, plasticity-induced
bulging around surface extending lattice defects (e.g., GBs)
can be regarded as the elementary process underlying fold
formation in polycrystalline metals, which represents an
important mechanism for the generation of lamellar wear
debris (as suggested by our nanowear experiments).
Interestingly, a plastic inhomogeneity was also empirically
introduced in the FE simulations of Ref. [11] by employing
hard and soft grains, but without referring to slip systems
and in disagreement with speculations about fluidlike
flow instabilities. Our simulations show unambiguously
that visual similarities between the generated folds and
Kelvin-Helmholtz vortices in fluids are accidental and
folding is clearly governed by the plasticity inhomogeneity
of polycrystalline surfaces.

Moreover, our findings suggest a novel engineering
approach. Preconditioning of polycrystalline surfaces with
grain orientation textures [45—47] via severe plastic defor-
mation [48,49] or machining methods [50] combined with
grain boundary doping [51,52] to prevent grain growth
could be used to significantly reduce fold formation which
in turn would translate into an increase in wear resistance.
Keeping the phenomenological nature of current wear
prediction models in mind, there is an urgent need for
basic atomic level understanding such as the one reported
here to guide the design of wear-resistant metallic surfaces.
Our results should stimulate further experimental and
theoretical work on textured [45-47] and nanocrystalline
[25,39,53] surfaces in order to establish guidelines to
engineer low-wear metallic surfaces.
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