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GRAPHICAL ABSTRACT

We use large-scale molecular dynamics
simulations to model a grinding process
of a ferritic work piece.

We visualize the microstructural devel-
opment of a nanocrystalline work piece
using time-resolved computational to-
mography.

We introduce “differential EBSD tomog-
raphy” as a tool to detect subtle changes
in the grain structure and orientation.
We elucidate the deformation mecha-
nisms occurring during grinding as a
function of load.
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Microstructural changes in the near-surface regions of a material determine its mechanical properties and conse-
quently also its tribological behavior. This work is a study of the microstructural development of nanocrystalline
ferrite subjected to a grinding process using molecular dynamics simulations. We visualize the work piece by pro-
ducing various types of computational tomographic sections that are colored according to the grain orientation, the
local temperature, the stress in grinding direction, as well as the atomic flow velocities. In particular, we introduce
“differential EBSD” tomographs to highlight the changes to the microstructure caused by the grinding process,
allowing us to detect even subtle differences in lattice orientation and small distances in grain boundary migration.
We use our visualization approach to discuss the acting microstructural mechanisms in a load- and time-resolved

Grinding fashion, spanning a wide range of grinding conditions from mild to severe. In addition to removed matter, we ob-

Molecular dynamics serve lattice rotation originating at the surface and advancing deeper into the work piece with increasing load,
Tribology grain growth by grain boundary migration, and the transient formation of unstable small new grains.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction as toughness or hardness are altered, which can change the material's

reaction to external loads and thus directly affect its tribological proper-

Grinding is one of the machining processes that are known to change
a material's structure in the near-surface zone significantly [1-3]. As a
consequence, mechanical properties in these near-surface zones such
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ties [4-6]. Modifications of the microstructure in surface-near zones,
such as finely structured surface layers, if caused by sliding with a usu-
ally rough counterbody, are also known as tribologically transformed
zone (TTZ) [7]. Such layers cannot be described using macroscopic
bulk material properties, although their local properties will greatly in-
fluence material removal processes or the friction between two surfaces
[8]. Tailoring materials and their interacting surfaces to meet specific
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requirements during their service life is becoming increasingly impor-
tant to improve the performance or extend the lifetime of machine
parts. Additionally, the machining industry is facing stringent demands
regarding the degree of surface smoothness of finished components
[9-11] and is exploring novel processing techniques such as rpm-
synchronous grinding [12] or fuzzy logic [13] for efficient machining.
The technological state of the art has reached a point where further pro-
cess improvements are only possible with a fundamental understanding
of the prevailing mechanisms. Numerous experimental analyses of
near-surface zones exposed to machining processes [14] and sliding
contacts [15] have shown that the occurring microstructural modifica-
tions are restricted to sub-micrometer surface depths. As experimental
studies at this length scale are costly and time-consuming, computer
simulations have become an important tool to shed light on complex
phenomena and to identify the associated mechanisms.

Since the 1990s, molecular dynamics (MD) simulations, which are
based on atomic interaction potentials, have proven to be able to repro-
duce cutting processes and two-body abrasion [16-18], revealing fun-
damental principles of material removal on the scale of single
asperities. In later studies it was demonstrated that plastic deformation
processes like dislocation generation can be modeled using (polycrys-
talline) MD models [19-22]. One important advantage of such an atom-
istic approach is that it does not require parameters such as activation
energies for structural changes like grain growth, or the assumption of
constitutive material laws as in continuum mechanics [23-25]. With in-
creasing availability of high-performance computing it is nowadays
possible to simulate systems with tens to hundreds millions of atoms
within reasonable times (i.e., days to weeks), producing results of sur-
face engineering relevance [26].

Current literature on MD simulations provides tremendous insight
into the material behavior on the nanoscale and the microstructural
evolution during plastic deformation [27-29]. In tribological contacts
as well as during machining processes, the substrate is usually only in
contact at the asperity level, assuming that we focus on dry or
boundary-lubricated situations [30]. The substrate is therefore repeat-
edly exposed to non-homogeneous pressure distributions, with time-
variable stress conditions applying below the contact regions as the
abrasives or asperities of the counterbody pass. This type of stress situ-
ation requires a simulation approach that can intrinsically handle non-
homogeneous loads to describe the deformation behavior of near-
surface zones in the first couple of nanometers. As tribological proper-
ties are strongly influenced by the material properties near the sliding
interface, this is of great relevance for the friction and wear performance
of the material [31]. Here, it is not completely understood if friction and
wear are mainly influenced by the grain size or a specific microstructure
[28]. Additionally, it has been shown that microstructural changes in a
material subjected to grinding or sliding happen at the very beginning
of these interfacial processes (i.e., running-in), even after one single
pass of the counterbody, making the time span observable with MD rea-
sonable to study such phenomena [32-34].

In previous work [35], we give a comprehensive overview of
how MD can be used to model substrates with Gaussian surface rough-
ness and expose them to multi-grit abrasion. Detailed topographic and
wear analyses together with a study of the evolving contact areas
have shown that macroscopic wear and friction laws are still valid on
this reduced length scale, provided that the contact is of a multi-
asperity nature [30]. This justifies a reduction of a large grinding system
to a nanometer length scale, making it computationally manageable
via MD.

Here we study a nanocrystalline work piece that is exposed to recur-
ring indentation, shearing, and scratching by hard abrasives. As a conse-
quence, the grains near the surface are repeatedly loaded and unloaded
during the grinding process. The abrasives exhibit a range of sizes and
orientations in order to better resemble realistic abrasive morphologies
and size distributions. The main focus of our simulations lies in the elu-
cidation of deformation processes occurring in a nanocrystalline work

piece during grinding. Various modes of plastic deformation and struc-
tural changes occurring in grinding processes, which depend on micro-
structural parameters such as grain size or on the local loading history,
have already been identified in experimental studies [36,37]. However,
it is highly nontrivial to visualize “what happens when” while produc-
ing a given surface texture or near-surface microstructure in the ab-
sence of costly in-situ methods. This is exactly the research gap that
we aim to address with this contribution: to provide a set of visualiza-
tion tools that give materials scientists the opportunity to look at micro-
structural data from simulations in a fashion that they are accustomed
to, such as EBSD, which is not yet very common in computational mate-
rials science. Going beyond that, we provide additional ways of
representing microstructures that are tedious or even impossible to ob-
tain from experiments, such as atomic vorticity plots or a superimposed
“before/after” imaging technique dubbed “differential EBSD tomogra-
phy”, that can greatly contribute to the elucidation of a mechanism.
This has the potential of allowing a highly time-resolved in-depth ap-
praisal of the elementary mechanisms leading to microstructure evolu-
tion at the early stages of surface machining. In this work, we apply this
set of tools to explore which of the above-mentioned plastic deforma-
tion modes can be reproduced using large-scale MD simulations at the
example of nanoscopic grinding of a ferritic iron work piece.

2. Simulation and visualization details

All our simulations were carried out using the open-source MD code
LAMMPS [38]. The exact procedure of our model construction is de-
scribed in earlier work [39]. It consists of a 60 x 60 x 20 nm> a-Fe poly-
crystal with a rough surface and 18 randomly oriented and distributed
rigid truncated-octahedral abrasives with Gaussian size distribution,
see Fig. 1a. The grains in the work piece have a mean grain diameter
of 12.7 nm and are initially randomly oriented, and the surface topogra-
phy has a fractal dimension of 2.111, an RMS roughness of 0.7 nm, and a
lower frequency cut-off producing a typical lateral roughness feature
extent of 23 nm. The atoms located in the lower 3 A of the simulation
box are kept rigid to emulate bulk support. The system was heat treated
by ramping the temperature from 0 K to 800 K over 180 ps, then keep-
ing it at T = 800 K for 800 ps, followed by linear cooling to 300 K over
200 ps, holding T = 300 K for another 400 ps. The heat treatment is con-
trolled by a Langevin thermostat with a time constant of 0.5 ps, acting
on the entire system during the temperature ramps, but only on three
monolayers of Fe at the system base in the constant temperature phases
to allow unconstrained local relaxation. The Fe—Fe interactions are
governed by a Finnis-Sinclair potential [40].

The 18 abrasives are based on a bcc lattice with the (100) and (111)
planes acting as crystallographic cleavage planes to give the abrasives
their final appearance. They have diameters ranging from 6 to 14 nm,
with the mode of the distribution at 10 nm, leading to an effective
projected surface coverage of 37%. The chosen abrasive size distribution
constitutes a trade-off between computational manageability, the de-
sire to include several abrasives so that the relative orientation of a sin-
gle one does not have excessive impact on the overall results, as well as
attempting to keep the ratio between abrasive and grain size close to 1.
Asin [41], the interactions between abrasive particles and the Fe surface
are modeled using a Lennard-Jones potential with the parameters & =
0.125 eV and oy = 0.2203 nm. These values are similar to [42,43] and
yield an interaction roughly one order of magnitude weaker than the
one for Fe—Fe, which means that there will be some adhesion between
the abrasives and substrate as well as the wear particles. The abrasives
are pulled across the surface at a sliding velocity in x direction of
v(abrasive) — 80 m/s and an angle of 6.42° with the x-axis, so that they
re-enter the simulation box at different y positions every time they
pass the periodic box boundaries and therefore never follow exactly in
their own grinding paths. The relative abrasive positions are locked
throughout the simulations, and abrasive rotation is disabled, resem-
bling a two-body process with bound grains. Furthermore, the abrasives
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Fig. 1. (a) 3D representation of the MD system after 5 ns of grinding. Grains are blue, grain boundaries white, abrasives gray, the surface yellow/green, and the abraded chips red. Five
representative computational tomographic 2D-sections are shown in panels (b-f) to give an overview of the visualization modes discussed in detail later on in this work.

can change their z position collectively depending on the topography,
similar to a grindstone, but not individually as in a slurry. Because of
their rigidity, the abrasive particles themselves are not subject to any
wear, which is a simplification over real systems, but reflects the fact
that abrasives are typically much harder than the work piece. The nor-
mal pressure 0, on the abrasives (defined as the total force in —z direc-
tion acting on the abrasive particles divided by the lateral cross-section
of the simulation box, 3595.4 nm?) is kept constant at values ranging
from 0.1 to 0.9 GPa for a simulation time of 5 ns. While it is non-trivial
to experimentally measure contact pressures during grinding due to
the uncertainty in the contact area, our assumed values correspond to
the range encountered during the running-in period of a grinding pro-
cess [44,45], where, depending on the infeed depth, an initial pressure
spike of up to 1.5 GPa will typically relax to below 0.1 GPa.

The electronic contribution to the thermal conductivity «(T), which
dominates in metallic systems, is not accounted for in the interaction
potentials applied in classical MD. In this work, we adopt the concept
of electron-phonon coupling as laid out in [46,47]. This does not require
us to implement a time-consuming multiscale approach, but rather as-
sumes that due to their high mobility within the metal, the electrons
can be used as an implicit heat sink permeating the substrate. In a sep-
arate publication dealing with these aspects [48], we described how we
calculated K(T) for several values of the Langevin thermostat coupling

time A and found that the best reproduction of the experimental ther-
mal conductivity of Fe [49] can be achieved with A = 3.5 ps throughout
our desired range of normal pressures. During the grinding simulations,
the Langevin thermostat acts only in y direction, (nearly) perpendicular
to the directions of normal pressure and grinding, so as not to overly in-
terfere with the imposed constraints of normal pressure and sliding ve-
locity. An additional benefit of this thermostatting scheme is that the
cooling of the removed matter (e.g., via a coolant fluid) is, at least for
all practical reasons, accounted for in this way, i.e., even if the chips
are already detached from the work piece surface and have no more
thermal coupling to the base thermostat, they can cool off by
themselves.

The majority of the computational tomographs of the work piece
shown and discussed throughout this work are colored according to
grain orientations as in electron backscatter diffraction (EBSD), using
the inverse pole figure (IPF) coloring standard, see Fig. 1b. The orienta-
tions were calculated using polyhedral template matching [50] as im-
plemented in OVITO [51], and the color rendition was carried out
using the MTEX toolbox [52,53] for Matlab. As some of the microstruc-
tural changes in the system, especially migrating grain boundaries and
slight lattice rotations, can be rather subtle, it has proven valuable to
also produce differential EBSD images, comparing the structure of a
given time step with the initial one, as shown in Fig. 1c. This can be
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carried out in an image processor such as GIMP, where the image in
question is exactly superimposed over the initial configuration as a
layer. For producing clearer results, the abrasives are first selected
using a color selection tool (we used a threshold value of 5), which al-
lows the deletion of entire abrasives without introducing artifacts into
the representation of the work piece. Then a difference filter is applied
to the top layer, which calculates the absolute value of the difference be-
tween the RGB values of all superimposed pixels (and is therefore com-
mutative), the result of which is then inverted to return to the original
EBSD color scheme. The resulting representation of the system is nearly
white in all regions where no changes occurred and colorful in regions
that changed by a large amount, with pastel hues where changes were
slight. It is therefore perfectly suited for identifying small changes in
the surface topography, deviations in the courses of grain boundaries,
and especially lattice rotations. Note that once changes have been iden-
tified using this visualization, the respective EBSD image has to be
revisited for a proper discussion of the results, as the differential
image may obscure which feature belongs to which configuration.

When visualizing the temperature in a system where portions move
at velocities comparable to thermal movement (of the order of 100
my/s), it is important to first filter out any advective component of atomic
translation. One straightforward way of doing this is defining a control
volume around every evaluated atom and calculating the mean velocity
of this control volume. The choice for the size of the control volume is a
trade-off between accuracy and spatial resolution, and we found that a
radius of 1 nm around each atom includes a sufficient number of atoms
within each control volume for filtering out the advection velocity effec-
tively. Although this leads to a slightly patchy temperature map with a
minimum feature size of the projection of the control volumes onto
the plane of the tomographic slice, it is clearly discernible where the
hot spots are located and how the heat is dissipated from the contact in-
terface, see Fig. 1d.

LAMMPS can calculate per-atom stresses, making it possible to pro-
duce visualizations of the distribution of any stress tensor component,
as shown in Fig. 1e for the principal stress in grinding direction. There
are, however, some caveats: first, the quantity calculated by LAMMPS
is actually a per-atom stress multiplied by the volume that the respec-
tive atom occupies, with the latter of the two possibly not being well-
defined in a strongly sheared solid. Second, the output at the tempera-
tures occurring in our systems is strongly degraded by thermal noise,
so any snapshot of the system that should be evaluated in a time- and
space-resolved fashion needs to be re-read, energy minimized, and re-
written before it can be post-processed. These restrictions aside,
obtaining a general idea of the stress distribution within the grains
that trigger processes leading to microstructural changes is highly in-
structive, even if the values cannot be exactly quantified.

The last mode of visualization applied in this work is a representa-
tion of the atomic flow velocities, see Fig. 1f. By calculating the mean ve-
locity of a subset of atoms (e.g., every fifth atom) from two snapshots
that are 40 ps apart, all thermal noise is automatically filtered out, and
the velocity vector can then be plotted at the position of the respective
atom at the time step exactly in-between. Normalizing the vector length
and rather coloring the vectors according to their norm produces a vec-
tor map of the atomic flow velocities. This representation can be consid-
ered the complementary view of the thermal visualization shown in
panel d. The output is then optimized for analyzing the “slow” processes
occurring within the work piece (as opposed to the fast movement of
the chips being abraded from the surface) by limiting the color map to
10 m/s. In this way it is possible to make visible the formation of vortices
preceding the rotation of the lattice in a grain, or steep intragranular ve-
locity gradients that are followed by the formation of a grain boundary.

3. Results and discussion

A typical series of cross-sections through the substrate after nano-
abrasive grinding is shown in Fig. 2, where we qualitatively compare

microstructures after grinding at normal pressures 0, ranging from 0.3
to 0.9 GPa. Our simulations show that the changes of the microstructure
due to grinding strongly depend on the applied normal pressure. Under
the mildest simulated conditions below 0.3 GPa, there are hardly any
observable changes in the microstructure, although the initial topogra-
phy is somewhat smoothed. With increasing normal pressure the chip
volume grows considerably, and pronounced grinding grooves are
formed on the work piece surface. The bird's eye view in Fig. 1a shows
the numerous parallel grooves generated during grinding. Despite this
groove formation, the surface is smoothed by grinding, with the RMS
roughness decreasing to 0.4-0.6 nm at the end of the simulation from
its initial value of 0.7 nm for all but the highest normal pressure. Com-
paring representative slices to the corresponding slice in the initial
structure makes it easier to identify changes. Therefore, the following
figures only show selected positions at different normal pressures to
best illustrate various features. Furthermore, the differences between
the initial configuration and the respective final configuration at the
various normal pressures are shown in the differential EBSD visualiza-
tions to emphasize the changes during the grinding process. Here re-
gions without change are colored in white, whereas more stronger
hues represent greater changes between initial and final configuration.

At the lowest normal pressure of 0.3 GPa, a change in surface topog-
raphy (i.e., smoothing) by wear of asperities is shown in Fig. 2. Espe-
cially interesting positions are annotated with numbers. Very small
grains such as the purple (235) one (grain number 1 in Fig. 2) contained
in these asperities disappear completely upon contact with the abrasive
particles, independent of their initial orientation. If the infeed depth of
the abrasives is sufficiently high, these grains are taken away during a
single pass of an abrasive. Other grains such as the small blueish (245)
grain (number 2 in Fig. 2) in the middle of the slice also seem to disap-
pear, but still exist in a neighboring slice that is not shown here, indicat-
ing lateral grain boundary migration.

It is worth mentioning that the infeed depth does not exceed the size
of the small grains within the asperities. They are not entirely worn off,
but the remains of the small and partly abraded grains are incorporated
into the neighboring grains by grain boundary migration, analogous to
what is reported in [27]. Thus, as the smaller grains vanish, the larger
neighboring grains and the ones below the asperity grow to the surface,
but retain their initial orientation.

Similar observations regarding the abrasion of asperities can be
made for an increased normal pressure of 0.6 GPa. However, as a result
of the greater infeed depth for higher loaded processes and as a conse-
quence of the greater energy introduced into the system, the removed
matter depth is increased and larger portions of the the near-surface
grains are worn off. Therefore, more small grains vanish and more sur-
face asperities are removed, as can be seen when comparing the EBSD
and the differential EBSD tomographs in the center and right column
of Fig. 2. The comparison of the microstructural evolution of the same
tomographic section subjected to different normal pressures in Fig. 2
shows that the grain size has to fall below a certain critical size in
order for the smaller grains to vanish (e.g., the green (157) grain (num-
ber 3) in the middle of Fig. 2). In addition to grain growth, lattice rota-
tion induced by the sub-surface shear stresses can be observed at the
higher load of 0.6 GPa and even more so at 0.9 GPa. This lattice rotation
can also result in grain growth, as the grain boundary is eliminated
when two grains coalesce through rotation (not shown here), leading
to a decrease in the total grain boundary energy and stress concentra-
tion [54]. In terms of grain growth the dependence on normal load is
consistent with earlier theoretical and experimental studies by Pan
and Rupert [55] as well as Argibay et al. who also showed more grain
growth for higher loads [56]. The effect of increasing normal pressure
can also clearly be seen in the visualization of the differences between
the initial and the respective final configuration at varying normal pres-
sures in the right column of Fig. 2. At 0.3 GPa, only a thin layer of the sur-
face is worn off, and virtually no microstructural changes can be
observed. With increasing normal pressure the removed matter depth
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Fig. 2. Normal pressure dependence of the microstructural development of a representative computational tomograph. The left two columns show EBSD visualizations of the initial
configuration and after grinding for 2.5 ns and 5 ns at 0.3, 0.6, and 0.9 GPa. The right column is a visualization of the differences between the respective final and the initial
configurations (“differential EBSD”), indicating material removal, chip formation, lattice rotation, and grain boundary migration. Note: the colors in these differential EBSD images do

not correspond to orientations in the legend.

is increased, which is reflected in the strong colors of the topmost layers.
Additionally, incipient lattice rotation can be observed in the form of
slight color changes at 0.6 GPa. Finally, strong colors for the highest nor-
mal pressure of 0.9 GPa indicate pronounced lattice rotation. This rota-
tion can affect an entire grain as in the right blue grain (grain number 4),
where the homogeneous blue of the initial (233) orientation changes to
purple (223). On some occasions, even the largest grains in the sub-
strate may sequentially change their orientation completely by rotation
when the grain is passed repeatedly by abrasive particles. For other
large grains, as the left blue grain (grain number 5), the hue varies
slightly even within the grain as the bottom part remains almost in its
initial orientation, whereas the upper, sheared part rotates towards pur-
ple. The differential EBSD images in the right column of Fig. 2 clearly
show that all microstructural changes happen only in the topmost
layer of the work piece, which is in direct contact with the abrasive par-
ticles since the bottom grains are all white and hence did not undergo
any lattice rotation. This is in good agreement with the results from
Pan and Rupert, who also demonstrated in their MD study of nanocrys-
talline Cu subjected to sliding that the microstructural changes
(i.e,, grain growth) are confined to the near-surface regions [55].
Similar to the present study, microstructural evolution in the course
of plastic deformation of nanocrystalline metals has already been ob-
served in various experimental and theoretical studies, leading to the
conclusion that grain growth results from a combination of grain
boundary migration and grain rotation. Jin et al., for example, proved
this mechanism of grain growth via a TEM analysis of ultrafine-
grained Al during nanoindentation [57]. Grain growth upon sliding of

nanocrystalline materials was also observed by Rupert and Schuh,
who investigated the microstructural evolution of Ni—W during sliding.
They could show that grains larger than 10 nm do not undergo micro-
structural changes upon sliding, whereas grains smaller than 10 nm
show grain growth, which is mechanically driven by high near surfaces
stresses, causing grain boundary migration and grain rotation [58]. Fur-
thermore, Romero et al. demonstrated local grain growth and merging
of grains in an iron tribosystem during sliding using MD simulations
[27]. They concluded that asperity interlocking leads to grain rotation
and plastic deformation, followed by grain boundary migration from
smaller grains to larger grain boundaries, initiating grain growth. In
their study, in accordance with the present study, the smaller grains
vanished in favor of the larger grains.

A reduction in grain size by wearing off parts of the grains during
grinding is inherently accompanied by a higher fraction of high-
energy grain boundaries. As a result, the small abraded grains become
energetically unstable, and the grain boundaries of these grains move
towards the surface or towards the sides, parallel to the sliding direc-
tion, triggering grain growth, similar to what is discussed in [59]. With
increasing normal pressure, the grain boundaries can traverse larger
distances. Thus, the main driving force for grain growth is the reduction
of grain boundaries to reduce internal energy. None of our simulations,
which all started from the same random texture, indicated that a spe-
cific grain orientation would grow preferentially.

Beyond grain growth we also observed the generation of new grains
at the surface that are smaller than the average initial grains. Examples
of such grain refinement can be found in Fig. 2 at 2.5 ns for the highest
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pressure of 0.9 GPa. Though not shown here, the generation of smaller
grains can also occur at smaller normal pressures. The grains form
when an abrasive passes and exerts a shear stress on the substrate
that is sufficient to make the grain or parts of grains beneath the abra-
sive rotate by such a large angle that a new grain boundary is formed.

Monitoring the microstructure throughout the grinding process,
these newly formed grains appear at random times throughout the
grinding process. However, analogous to the initially existing small sur-
face grains, they proved to be unstable in all our simulations, and they
vanish either as soon as the abrasive has passed, or at the latest when
the following abrasive passes the respective position. A new rotation
process is then triggered, which makes the newly formed grain bound-
ary disappear again, and the adjacent larger grain reincorporates the
surface grain. This course of events prevents the formation of a
persistent or continuous nanocrystalline layer, which has also been ob-
served after sliding experiments [8,31]. However, as the average grain
size is already quite small at 12.7 nm, and similar grain sizes have
been found after sliding of nanocrystalline metals, this is not entirely
surprising [55].

As already mentioned, apart from grain size changes, the local orien-
tation of the growing grains can change as well. This can be clearly ob-
served in the differential EBSD images in Fig. 3. At the smallest
investigated normal pressure of 0.1 GPa, the shear stresses exerted on
the surface grains are not sufficient to induce grain rotation. However,
upon increasing the pressure to 0.3 GPa, grain rotation of the smallest
grains sets in. In this context, it has been shown that for GB diffusion
dominated processes, there is a d~* dependence of the rotation rate
on the grain diameter d [60]. Therefore, grain rotation is much faster
for the smallest grain sizes, where deformation is mainly accommo-
dated by grain GB diffusion. Additionally, our investigations show that
there is a dependence of the propensity of lattice rotation on the initial
grain orientation. We observe that blue or purple grains corresponding
to initial orientations between (112) and (111) seem to start rotating at
lower normal pressures than other grain orientations. As in Fig. 2, we
could also observe grain growth by grain boundary migration for nor-
mal pressures from 0.3 GPa as well as chip formation during the abra-
sion process. Both effects are enhanced with increasing normal
pressure, resulting in larger grains and the formation of larger chips,
which is in accordance to earlier studies [55,56]. When the normal pres-
sure is increased to 0.6 GPa, the shear stresses are high enough to induce
lattice rotation also in the larger grains and those with orientations de-
viating from blue or purple. This trend continues until, at the highest
pressure of 0.9 GPa, most surface grains undergo lattice rotation. The ob-
servation in our simulations that larger grains rotate at higher pressures
agrees well with previously made experimental observations in nano-
crystalline metals showing a d—* dependence of the rotation rate on
the grain size [60,61]. Additionally, Vo et al. made similar observations
in their MD study and showed increasing grain rotation with higher
strain in nanocrystalline Cu during plastic deformation [62].

A slight color gradient within one grain without any formation of a
grain boundary or dislocations, as can be observed for 0.9 GPa in Fig. 2
(grain number 5) and Fig. 3 (pink grain number 6), indicates local lattice
tilts, leading to intragranular elastic strains. In the demonstrated cases,
where blue changes from (233) to purple (223) and pink from dark
(349) to light pink (124), a generation of preferred (111) orientations
of surface grains due to grinding, or a common rotation towards (111)
cannot be confirmed. We cannot exclude that the simulations might
be too short or the loading conditions too mild to reproduce such a tex-
turing effect that is sometimes reported in experimental studies [63].
Note that the local directions of the principal stresses are not constant,
since the rake angles differ between abrasives, and they vary over
time as the asperity angles change during grinding. Thus, the orienta-
tions of most preferred slip planes according to Taylor's law will change
constantly.

At higher normal pressures, the friction energy introduced into the
system increases, so the temperature in the sliding interfaces is

expected to rise as well. As it is known that frictional heating and highly
localized deformation are the main driving forces for microstructural
evolution [58], and since temperature is one of the key quantities that
can determine grain boundary mobility, we also investigated the effect
of temperature, see Fig. 4. Throughout all simulations, large portions
of the work piece remain below 320 K due to the adopted thermostat-
ting procedure that emulates a well-cooled process [48]. Consequently,
the generated heat is quickly conducted away from the sliding interface,
where the bulk work piece as well as the chips act as heat sinks. Only in
the high-load cases above 0.6 GPa, the sliding interface between the
chips and the work piece heats up to beyond 450 K. At the highest nor-
mal pressures, short-lived temperature spikes reaching up to 750 K can
occur at edges of abrasives, but these do not extend beyond 2 nm from
the contact point. Overall, the volume heated above 400 K remains
small, and the affected region is limited to zones close to the surface. Ad-
ditionally, the work piece quickly cools down to at least 350 K between
two passing abrasives, even at 0.9 GPa, so there is never any appreciable
accumulation of heat at the surface, cf. the top right panel in Fig. 4.
When comparing the extent of the regions that underwent microstruc-
tural changes, i.e., the grains with strong hues in the differential EBSD
image, with the extent of the heated regions in the right column, it be-
comes clear that the mechanical energy introduced into the system
dominates any thermal influence. This agrees well with a time-
dependent analysis of the local stress distribution of the respective
tomograph, which proves that the highly stressed regions extend all
the way down to the lower grain boundary of near-surface grains
while an abrasive is passing, especially when it is pushing removed mat-
ter in front of it. This can be seen in the central bottom panel of Fig. 4,
which shows an earlier event where a stress peak permeates an entire
grain that is then going to be plastically deformed. The corresponding
thermal analysis of the same time step in the bottom right panel clearly
shows that the more strongly heated regions are confined to within ap-
proximately 1 nm of the sliding interface, and the depth to which micro-
structural changes occur exceeds the strongly heated regions by a factor
2-3 in this example, or even by a factor of 10 or more in larger grains.
We can therefore neglect any increased grain boundary mobility due
to higher temperatures or any annealing effects within the work piece,
so the observed microstructural changes can be traced back to mechan-
ical deformation.

Finally, all microstructural changes observed during the grinding
process at the highest pressure of 0.9 GPa are summarized in Fig. 5,
which gives a chronology of events. In the initial configuration before
grinding, shallow surface grains, such as the pink (125) one (grain
number 7), are still visible. These small grains are abraded in the
first steps of the process, sometimes even by a single abrasive parti-
cle, depending on the infeed depth, which is in line with the phe-
nomena reported after a single pass of a single asperity in [31,32].
Additionally, first signs of lattice rotation can be observed, for exam-
ple, in the yellowish (159) grain (grain number 8) bordering the
shallow pink grain, which rotates towards green (134). This rotation
happens during the first pass of an abrasive, during which also the
light pink (125) grain (grain number 9) is worn off, with its remains
being incorporated into the neighboring yellow grain by grain
boundary migration, resulting in grain growth. After a few passes of
abrasives, the small surface grains are completely removed, and the
larger grains below have grown to the surface.

Apart from grain boundary migration and lattice rotation, plastic
deformation is also mediated by dislocations that relieve plastic strain
introduced by external loads. The latter vary considerably in time and
space as the contact with randomly oriented abrasives is highly non-
conformal. Dislocation motion can be seen in the EBSD tomographs,
especially when viewed as a movie (see the Supplementary Material),
and a more detailed dislocation analysis (DXA) carried out in OVITO
[64] revealed that they originate at the surface just underneath the
passing abrasives. The majority of the grains are not large enough to
contain intragranular Frank-Read dislocation sources and therefore
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Fig. 3. Load dependence of microstructural changes during grinding. Left column: EBSD images of initial configuration and after 5 ns of grinding at several normal pressures. Center column:

differential EBSD images highlighting the microstructural changes.

cannot emit dislocations. In this context, Ohashi et al. showed that the
shear stress necessary to emit a dislocation from a Frank-Read source
increases sharply when the grain size approaches the size of the
Frank-Read source [65]. The dislocations emitted from the surface
into the larger grains are quickly annihilated or move back to the
free surface as soon as the abrasive has moved on, since the grains
are not large enough to store them [66]. Only the largest of the grains

in our system have the ability to store several dislocations for longer
periods, an example of which can be seen in the large blue (345)
grain (grain number 10 in Fig. 5). However, the generation of disloca-
tions can also lead to grain fragmentation, as can be seen in the
smaller blue grain in the middle (grain number 11). After the small
surface grains have been removed, the next abrasive, pushing re-
moved matter in front of it, generates a high stress field inside the
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Fig. 4. Thermal and stress analysis of a representative tomograph after grinding at 0.9 GPa. The top row shows the final configuration with the corresponding differential EBSD image, while
the bottom row compares the size of the mechanically and thermally stressed regions at t = 3.6 ns, when the central pink grain undergoes considerable plastic deformation.

grain at t = 1.4 ns. Resulting from this stress accumulation, disloca-
tions are emitted at the surface, which then move through the grain,
decreasing and increasing in number over time, eventually forming
a low angle grain boundary (LAGB) and thus fragmenting the grain
at t = 1.5 ns. Simultaneously, the atoms start flowing in clockwise
vortex patterns, leading to lattice rotation of the upper part from
blue (345) to purple (112), with the bottom part remaining near its
original blue. After this rotation, most of the stress in the grain is re-
leased. However, with the next incoming abrasive the process is re-
peated, resulting in a further lattice rotation of the top part towards
an orientation shown in light blue (123), most likely around the
(111) axis, thus forming a high angle grain boundary (HAGB). The re-
spective changes in the orientation over time can be observed in the
orientation maps next to the EBSD tomographs in Fig. 5. In the end
there are hardly any dislocations left in both fragmented grains, as
the subsequent rotations seem to have largely reduced the stored in-
ternal strain and left a nearly defect-free lattice behind. Although
this new light blue grain seems large enough to remain stable, it
does not survive until the end, since a large abrasive pushing a chip
in front of it passes at t = 4.82 ns, causing another fragmentation of
the grain (further grain refinement) and a rotation of the remaining
part towards green (157).

The above means that we do not observe classical strain-hardening
effects resulting in nucleation and grain growth after a critical disloca-
tion density has been obtained in the grains, following the Hall-Petch
hardening law [67]. Our large-scale polycrystalline MD simulation aids
the identification of the acting deformation mechanisms. With its
grain diameters limited to keep the system size computationally man-
ageable, our system seems to be located in the transition region be-
tween nanocrystalline deformation behavior and dislocation-mediated
processes with shear along crystallographic planes. Larger grains feature
some dislocations, but these are almost all volatile, moving quickly
through the grain or back to the surface or a grain boundary. Studying
their time evolution would require the analysis of geometrical snap-
shots every ~250 fs, corresponding to 80 times our current output
rate, which would have prohibitively increased the data storage re-
quirements and post-processing effort.

Overall, the work piece did not exhibit significantly more disloca-
tions at increasing normal loads. As the temperature varied by less
than 50 K throughout the largest part of the substrate thickness, it can

be effectively excluded as a determining factor for defect densities. It
seems that the grains are just small enough to reduce external strains
by rotation, which agrees well with our initial average grain size of
12.7 nm being close to the Hall-Petch breakdown of iron at 14.7 nm [68].

The microstructural changes observed here correspond well to
earlier experimental and theoretical findings. These changes are trig-
gered by near-surface shear stresses and include both grain growth
and grain refinement as a result of lattice rotation, grain boundary mi-
gration, as well as dislocation-mediated processes. This is of high rele-
vance for the mechanical behavior as well as the friction and wear
performance of materials like nanocrystalline metals as it determines
the material's response during grinding or in tribological applications
[8,69]. Naturally, the microstructural evolution in the first stages of
cyclic loading in grinding or tribological applications comprising both
grain growth and grain refinement will have a major effect on the
subsequent friction and wear behavior. Depending on the operating
conditions and material pairings, it has been shown that such micro-
structural changes can lead to a reduction in friction and wear
[8,27,55], but also an increase to a high friction state in the course of
mechanical loading [58].

4. Conclusion and outlook

In this study, we showed that we can use large-scale MD simulations
to reproduce near-surface microstructural changes observed in experi-
mental tribological or grinding studies. This is highly relevant since
the near-surface microstructure can strongly influence the material be-
havior and thus its behavior during grinding or sliding processes. To fur-
ther improve these processes, material removal mechanisms must be
understood on a nanoscopic scale, where our MD simulations could
make an important contribution. As it is known that temperature is
one of the key quantities influencing microstructural evolution, a pre-
cise reproduction of how the generated frictional heat is dissipated
had to be guaranteed. With the model presented here, thermal influ-
ences could be precisely reproduced, showing that the mechanical en-
ergy introduced into the system greatly dominates the thermal
influence. Thus, concentrating on the mechanical contribution, we sys-
tematically studied and visualized the influence of normal pressure
and grinding time using MD simulations. In contrast to experimental
work, identical initial microstructures can be loaded with a range of
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different pressures in our simulations. Furthermore, the running-in pe-
riod (first passes of the abrasives) could be investigated in a highly time-
resolved manner. As most of the microstructural changes can be ex-
pected during running-in, thus defining the material response to ongo-
ing mechanical loading, our MD simulations could contribute to
understanding the governing mechanisms. Here in particular, the mi-
crostructural development of a nanocrystalline ferrite subjected to
grinding as a macroscale machining process was studied, but the gen-
eral behavior likely applies to most nanocrystalline metals.

The following conclusions can be drawn:

The load dependence was studied between 0.1 GPa and 0.9 GPa,
which are typical values for the run-in period during grinding and
therefore representative for our study. An increase in load leads to a
higher chip volume and significant grinding marks. Higher infeed
depths at greater loads result in more small grains vanishing that
are incorporated into larger neighboring grains. Grain growth is
mainly observed in the form of grain boundary migration.

Above a certain load lattice rotation induced by sub-surface shear
stresses can be observed starting from the surface and subsequently
progressing into the work piece.

A transient formation of small and unstable grains (smaller than the
initial ones) can be detected. Here, grain parts or entire grains rotate
so much that new grain boundaries form. Repeated sliding of abra-
sives over these newly formed grains leads to the vanishing of the
grains, therefore no continuous nanocrystalline layer evolves.

A thermal analysis of the investigated system clearly showed that the
mechanical energy input dominates any thermal influence. There is
no heat accumulation, and the temperature only briefly and locally
rises to 450 K in the sliding interface between the chips and the
work piece. The depth up to which the microstructural changes ex-
tend is much larger than the heat-affected volume, which is typically
confined to a few nm.

There is no observation of classical strain-hardening effects such as
the Hall-Petch hardening law, as dislocations cannot be stored or
even emitted within most grains due to their small size. The disloca-
tions that are emitted move freely across the larger grains to the sur-
face, where they annihilate. Lattice rotations seem to effectively lower
the internal energy in our system already.

Differential EBSD tomography was introduced as a powerful tool to
detect and elucidate even slight microstructural changes as well as
the differences between various loading conditions.
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As outlook, larger non-nanocrystalline systems are currently studied
to further observe the behavior of dislocations in case of larger grains as
mediators for plasticity. Additionally, the geometry and crystal lattice of
the abrasives is being optimized to better resemble alumina abrasives
that cut into the work piece more than they plow. Finally, it would be
interesting to analyze the residual stresses after the grinding process
in a more detailed way to better link the microstructural changes to
the actual stress situation in the work piece.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.109053.
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