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Abstract. Cutting of metallic glasses produces as a rule serrated and segmented chips in experiments, while
atomistic simulations produce straight unserrated chips. We demonstrate here that with increasing depth
of cut – with all other parameters unchanged – chip serration starts to affect the morphology of the chip
also in molecular dynamics simulations. The underlying reason is the shear localization in shear bands. As
the distance between shear bands increases with increasing depth of cut, the surface morphology of the
chip becomes increasingly segmented. The parallel shear bands that formed during cutting do no longer
interact with each other when their separation is �10 nm. Our results are analogous to the so-called fold
instability that has been found when machining nanocrystalline metals.

1 Introduction

Cutting of materials is a basic machining process whose
fundamentals have been studied for long. An estab-
lished, albeit simplified, model [1,2] assumes that the
separation of the material and the formation of the
chip can be understood by a simple laminar-flow model,
in which the material in front of the tool edge flows
towards the tool and separates at the tool edge into a
downward component, which flows below the tool, and
an upwards component, which forms the chip. Assum-
ing this flow as laminar, the geometry of the tool (in
particular the rake angle) determines via the continu-
ity equation the width of the forming chip; in addi-
tion, the forces applied on the tool can be calculated
[1–5]. As the flow is laminar, the chip geometry is
straight (prismatic). Previous atomistic simulations [6–
9] proved that this simple geometry is able to describe
in high quantitative accuracy the processes occurring in
metallic-glass cutting and chip formation [7]. In experi-
ments, however, as a rule, serrated and segmented chips
are found when cutting metallic glasses [10–17].

The physical origin of this discrepancy between
an atomistic simulation and an experiment may be
expected to lie in the nature of plasticity in metallic
glasses. While dislocations are the main agent in crys-
tal plasticity, the plasticity of metallic glasses is gov-
erned entirely by shear bands [18–20]. These are regions
of shear localization that manifest the intrinsic mech-
anism that mediates plastic deformation in metallic
glasses [18–20]. Considerable effort has been dedicated
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to the understanding of shear-band initiation and prop-
agation [18,21–23]. A shear band is a nanometer-sized
plane that undergoes severe shear rearrangements [20]
but may reach several hundred micrometers into the
amorphous matrix [24–26]. The inhomogeneous nature
of strain localization lets one expect that the laminar
nature of the flow, which assumes an isotropic and
homogeneous response of the material, breaks down.
The severe shear rearrangement causes the disruption
of the icosahedral network and leads to significant den-
sity changes [27,28]. Shear bands generated with var-
ious deformation mechanisms have been studied both
experimentally [18,21–23,29] and in simulations [30–
37]. For the case of cutting simulations, the formation
of a series of equidistant parallel shear bands in straight
chips has been reported [6–9]; earlier cutting simula-
tions [38–40] focused on the determination of cutting
forces and did not report on the plasticity mechanisms.

In this paper, we study to what extent shear-band
formation leads to serrated chips for nanoscopic cut-
ting geometries such as they are studied by molecular
dynamics simulation. Using various cutting depths, the
geometry, and in particular the spacing of the shear
bands formed under cutting is influenced. We shall show
that these features affect the chip morphology such that
for deep cuts, plastic flow ceases to be laminar and a
serrated chip is produced.

2 Simulation details

To perform large-scale machining simulations, we cre-
ate a sufficiently large sample of a Cu64.5Zr35.5 metal-

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjb/s10051-021-00160-5&domain=pdf
http://orcid.org/0000-0002-7739-4453
mailto:urbassek@rhrk.uni-kl.de


152 Page 2 of 7 Eur. Phys. J. B (2021) 94 :152

Fig. 1 Schematic setup of the cutting simulations with a
depth of cut, d. The tool, sample and primary shear zone
(PSZ) are displayed in gray, cyan and red, respectively. The
inset highlights the coordinates t (parallel to the PSZ) and
h (perpendicular to the PSZ) used for the analysis of the
shear bands

lic glass containing around 7,903,000 atoms. For our
simulations we use the open-source code LAMMPS
[41] where the atomic interactions are modeled via an
embedded-atom-method potential [42]. The simulation
box has dimensions of 101.0 nm × 22.4 nm × 56.1 nm
(see Fig. 1). To prepare the sample, a crystalline mix-
ture is first heated to a temperature T = 2000 K for a
time period of 500 ps and then cooled down to a final
temperature of T = 0.1 K with a quenching rate of
0.01 K/ps. We demonstrated in earlier work that the
plastic properties of this metallic glass provide a realis-
tic description of a ZrCu glass [33].

The cutting tool is built from ∼ 2,480,000 C atoms
that are rigidly arranged. The geometrical shape of the
tool has a rounded edge with a curvature radius of 1
nm, a rake angle of 8◦ and a clearance angle of 5◦ (see
Fig. 1). The sample and the cutting tool interact via
a purely repulsive Lennard-Jones potential cut-off at
the potential minimum. The Lennard-Jones parameters
were obtained from Ref. [43]. In this atomistic model,
there is no friction between the tool and the workpiece.
This is a standard assumption in atomistic models of
machining as long as tool wear is not investigated [44];
models implementing friction would require attractive
forces between tool and workpiece that need to be based
on the chemical interactions between them [45–48].

At the beginning of the simulation, the tool is posi-
tioned just outside the interaction range of the Lennard-
Jones potential. Then the sample is cut with a cutting
speed of 20 m/s up to a total cutting length of l = 40
nm. We use several cutting depths d, see Fig. 1, taken
as d = 6 nm, 12 nm, 18 nm, and 24 nm. We fix 10
atomic layers at the bottom and at the left boundary
of the sample in order to mimic the immobile bulk of a
metallic glass in a real experiment and to avoid center-
of-mass translation and rotation of the entire sample.

The shear strain in the vicinity of the fixed layer is mon-
itored throughout the simulation to guarantee that the
sample is sufficiently large to avoid any interaction of
shear bands with the boundaries. Free boundary condi-
tions are applied to the top and right boundaries, and
periodic boundary conditions in the y direction. The
temperature is fixed to T = 0.1 K during the entire
cutting simulation. By fixing the temperature at such a
low value, thermally activated processes are minimized
[33]. Such conditions appear necessary to compensate
for the high quenching rates (as compared to experi-
ment) used in the preparation of the sample. However,
the disadvantage of this method is that temperature
increases within the developing and propagating shear
bands that were reported by Cao et al. [28] are not
taken into account.

For rendering the atomistic configurations, the open
source visualization tool (OVITO) [49] is used.

3 Results

3.1 Plasticity and chip shape

The upper part of Fig. 2 shows snapshots of the von-
Mises shear strain (VMSS) at various cutting depths.
These snapshots show the final stage of the cutting sim-
ulation at cutting length l =40 nm. One can observe
in this figure that parallel shear bands formed along
the chip. For the shallowest cut, 8 shear bands can be
distinguished, while we see only 4 shear bands for the
deeper cuts. In addition, a clear chip serration is seen
for cutting depths ≥ 12 nm. Chip serration is commonly
observed in experimental studies [10–17]. However, to
our knowledge, it has not been previously reported in
simulations.

The periodicity of the shear-band formation appears
to be less homogeneous for the deepest cut (d = 24
nm). For this cutting depth, the formation of a sec-
ondary shear band can be observed between the sec-
ond and third shear band, see Fig. 2d. Secondary shear
bands that grow between the serrations have also been
observed in experiments [17]. Here, the secondary shear
band grows parallel to the other shear bands without
reaching the surface. In this particular case, we observe
that the formation of the secondary shear band occurs
after the formation of the third shear band, at the same
instant when the fourth shear band starts to grow (see
Fig. 5 below). This indicates a change in the cutting
dynamics such that shear strain not necessarily only
localizes along the primary shear zone (PSZ), see Fig. 1.

We identify the PSZ as the plane of the last shear
band formed; it is marked in orange in Fig. 2. The PSZ
also identifies the boundary of the chip. Since shear
bands grow parallel to the PSZ, we use the coordinate
perpendicular to the PSZ, h, to measure properties of
the shear bands, and the coordinate parallel to the PSZ,
t, to measure the chip width, T , as displayed in the inset
of Fig. 1.
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Fig. 2 Upper panel: VMSS snapshots at cutting length l = 40 nm for cutting depths a 6 nm, b 12 nm, c 18 nm, and d
24 nm. A front view in the x–z plane is shown. Shear bands are numbered for easier reference; the appearance of a secondary
shear band (SSB) in d is highlighted. The dashed orange line indicates the position of the PSZ (at h = 0) used to study the
shear bands in the chip. Lower panel: average VMSS (black line) and atomic density, ρl, (red line) as a function of distance
h from the PSZ, see Fig. 1. Data are averaged over the y direction perpendicular to the displayed sideview. The horizontal
dashed red line denotes the average density before the cutting procedure. The orange dashed line at h = 0 indicates the
position of the PSZ shown in the upper panel

A quantitative analysis of the chip plasticity is dis-
played in the lower panel of Fig. 2. We focus on the
variations of the VMSS and the atomic density within
the chip, as these quantities are known to be affected at
the core and in the vicinity of the shear bands [28,50].
To perform the analysis, we grid the chip into stripes
parallel to the PSZ with a width of 2.77 Å; tool atoms
are not included in this analysis. The graphs displayed
in Fig. 2 show the averaged VMSS per stripe and the
atom density in the stripe, ρl, defined as the number of
atoms per stripe divided by the length of the stripe.

Figure 2 shows that in the shear bands, the VMSS
increases, while the atomic density ρl decreases. The
increase in VMSS is the defining characteristic of a
shear band as it quantifies shear localization. Also the
decrease in ρl in shear bands is well known [50] and
is due to the atomic rearrangements occurring within
a shear band. In Fig. 2, we compare the local-density
values with the average before the deformation started.

For the deeper cuts, the VMSS in between shear
bands is close to zero and the density is close to the
initial average value of the undeformed sample. This
demonstrates that the matrices of the shear bands
do hardly interact with each other for cutting depths
d ≥ 18 nm. In addition, we consistently observe a slight
density increase in the areas outside the shear bands,
i.e., in the sample material below the chip and in the
top part of the chip (see lower panel of Fig. 2b). These
are caused by material compression during the shear-
band propagation.

In contrast, for the shallow cut, d = 6 nm, Fig. 2a,
the formed shear bands are so close together that the

Fig. 3 Chip width, T , measured as a function of distance
from the PSZ, h, see Fig. 1. Data are taken at the final
cutting length l = 40 nm for all the simulated cutting depths
d

contrast in VMSS between the core and the surrounding
of the shear bands is small; this points to a consider-
able mutual interaction between shear bands such that
individual shear bands could not evolve independently
of each other. Simultaneously, the atomic density in the
entire chip is strongly reduced with respect to the pris-
tine sample, but no clear correspondence between shear
bands and density minima is established. For this cut-
ting depth, the density increase at the top and bottom
of the chip is so small that it cannot be distinguished
from fluctuations. This is similar to the findings in Ref.
[9]. While larger density changes can be observed at the
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core and surroundings of the shear bands for deeper
cuts, we feel uncertain to decide whether or not density
changes play a direct role in the formation of the chip
serrations.

The separation between shear bands, ΔSB, increases
with cutting depth. The corresponding values of ΔSB

are assembled in Table 1. Most pronounced is the jump
in ΔSB between cuts of 6 nm and 12 nm depth; this
is indicative of a change in shear-band formation and
will be analyzed further below, Sect. 3.2. Concomitant
with the increase of shear-b‘and spacing, the shear-band
thickness tSB grows, see Table 1. While for the shallow
6-nm cut, the shear-band thickness is only 1.5 nm, it
increases to roughly 4 nm for the deeper cuts. This indi-
cates that with increasing depth, the strain amplitude
also increases, which is expected since more material is
being pushed by the cutting tool. In experiments, it has
been observed that the width of the shear bands extends
over 10–200 nm [27]. However, the scale of deforma-
tion in experiments is several orders of magnitude larger
than in simulations. We thus expect a further increase
of shear-band width when performing deeper cuts.

The chip profiles are displayed in Fig. 3, where the
evolution of chip width, T , as a function of the distance
to the PSZ, h, is shown. These data are calculated at the
last stage of the simulation shown in the corresponding
snapshots in Fig. 2. The figure demonstrates that both
the chip thickness at the PSZ, Tmax, and the final chip
length increase with cutting depth. The values of Tmax

are assembled in Table 1. Besides the chip serrations,
which clearly show up in this plot for the deeper cuts,
an overall trend is observed that chips become steadily
thinner towards their upper ends; only for the shallow-
est cut, d = 6 nm, the chip has a constant thickness
and thus an approximately prismatic shape.

In previous simulations it has been shown that – for
this particular metallic glass – the separation of the
shear bands depends on further machining parameters
such as the cutting velocity [6] and the rake angle of the
tool [7]. As for the velocity dependence, Ref. [6] demon-
strated that cutting the sample at a velocity of 10 m/s
results in thinner and less defined shear bands than the
ones created at a cutting speed of 20 m/s. According
to the findings in this study and in [6], we thus expect
a similar transition in the growth behavior of the shear
bands when cutting at slower speeds, but occurring for
deeper cuts. This is of particular interest since exper-
imental studies are performed at considerably slower
velocities [11].

3.2 Shear-band growth

We study the propagation of shear bands by focusing on
the third shear band as a representative example. The
embryonic stage of this shear band, before full propa-
gation, is shown for each of the cutting depths studied
here in Fig. 4. The propagation direction of the third
shear band for the shallowest cut (d = 6 nm) differs
from that for the deeper ones.

For the cutting depth of 6 nm, the shear-band is initi-
ated at the edge of the tool and then propagates straight
towards the surface with an angle φ ∼ 37◦. However,
for deeper cuts, the shear bands take a curved path.
For cutting depths ≥ 12 nm, the shear band initially
emerges with a lower propagation angle – denoted by φ0

in Fig. 4 – from the tool edge. During propagation the
angle increases until it eventually approaches the angle
of the PSZ, φ. These angles are tabulated in Table 1.

Further details of the time evolution of a shear band
are provided in Fig. 5 for the deepest cut, d = 24 nm.
This series of snapshots starts after the stage displayed
in Fig. 4d; the final state is seen in Fig. 2d. These snap-
shots show that considerable shear activity also spreads
out into the sample beneath the cutting tool; the activ-
ity is in the form of isolated wave-like patterns that
take the appearance of embryonic, not fully developing
shear bands. The embryonic fourth shear band develops
a curved trajectory, by propagating first towards the
interior (Fig. 5b) and turning later towards the surface
(Fig. 5c). Moreover, changes in the third shear band can
be observed even after nucleation of the fourth shear
band: the third shear band gets thicker and its curva-
ture changes. This is an indication that the evolving
shear strain keeps affecting this shear band.

We conclude that at shallow cutting depths, shear
bands start from the tool edge and grow straight
towards the surface. At larger depths, d � 12 nm,
shear bands exhibit a more complex growth behav-
ior. Starting at a flat angle towards the cutting direc-
tion, or even in a direction towards the sample interior,
they bend around towards the surface during contin-
uing cutting. At this stage, shear bands are more dis-
tantly spaced from each other. Occasionally, incipient
(secondary) shear bands are produced, but they stop
developing before reaching the surface, without matur-
ing into full-fledged bands.

4 Discussion

Laminar plastic flow, Fig. 6a, is a simple paradigm for
cutting. The assumption of mass conservation above the
flow stagnation point at the tool edge leads to a pris-
matic chip geometry (’straight chip’) and simple predic-
tions about the chip width d′: d′ = d cos(φ − α)/ sin φ
[1,2]. We recently demonstrated [7] that this model
well describes the results of atomistic simulations of
metallic-glass cutting (cutting depth d = 7 nm) for a
large range of rake angles α.

In the present study, we see large deviations from this
model occurring at larger cutting depths, as sketched
schematically in Fig. 6b. At first sight, this appears
astonishing, since a metallic glass is a homogeneous
medium that has no intrinsic length scale besides the
atom sizes, which are too small to be of relevance in cut-
ting. Thus from the point of view of continuum mechan-
ics, all cutting results for different depth should scale
on each other after normalizing to the cutting depth; in
particular, chip shapes should be prismatic and similar
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Fig. 4 VMSS snapshots showing the initial growth of the third shear band for cutting depths a 6 nm (cutting length
l = 14.6 nm), b 12 nm (l = 20.6 nm), c 18 nm (l = 28.8 nm), and d 24 nm (l = 21.4 nm). The white arrows highlight the
direction of the shear-band propagation. The propagation mode changes from an initial angle φ0 towards the final angle φ
in the case of the deeper cuts (b–d)

Fig. 5 VMSS snapshots showing the growth of the third shear band for the deepest cut (d = 24 nm) for cutting lengths
of a 27 nm, b 31 nm, c 35 nm, and d 39 nm. Shear bands are numbered and the appearance of a secondary shear band
(SSB) is highlighted

Table 1 Chip characteristics for the cutting depths d studied: average shear-band separation, ΔSB; average shear-band
thickness, tSB; chip thickness at the PSZ, Tmax; initial angle of shear-band propagation, φ0; angle of the PSZ, φ

Depth (nm) ΔSB (nm) tSB (nm) Tmax (nm) φ0 φ

6 3.9 1.5 9.36 – 37◦

12 8.0 3.9 21.74 24◦ 37◦

18 10.4 4.2 32.52 16◦ 41◦

24 12.0 4.2 41.01 16◦ 46◦

in the geometric sense of the word. This is clearly not
the case for our simulation results.

As outlined in the Introduction, in metallic glasses,
plasticity is governed by shear bands which introduce
their own length scales. To be concrete, the shear-
band spacing, ΔSB, serves as an additional length scale.
While the shear-band spacing is tiny (3.9 nm) for the 6-
nm cut such that shear bands almost merge, for deeper
cuts, a finite number of shear bands is created with a
spacing ΔSB of around 10 nm. The occurrence of these
shear bands may be interpreted as an instability caused
by strain localization by shear bands.

Instabilities in plastic flow have been observed pre-
viously in the cutting of crystalline metals. Scraping
a nanocrystalline Cu sample with a hard tool gave
rise to a serrated chip surface, which was attributed
to a so-called folding instability of the plastic flow

[51]. The experiments were accompanied by molecular
dynamics simulations which demonstrated that folding
is caused by the plastic inhomogeneity of the nanocrys-
talline material. Figs. 1e and 1f in that reference show
that the grain boundaries and grain interiors suffer dif-
ferent strains – quite analogous to our Fig. 2 where
shear bands and the material in between show dif-
ferent shears. Macroscopic experiments of metal cut-
ting exhibited a so-called sinuous flow accompanied by
mushroom-like surface structures and wavy surface pat-
terns on the 100-µm scale [52,53]. The resulting chips
were characterized by a sawtooth morphology.

Also in sliding contacts of multilayered material
with layer thicknesses of 100 nm, a surface instabil-
ity towards an undulation and ‘vortex formation’ was
reported [54]. Sliding of polycrystalline material was

123



152 Page 6 of 7 Eur. Phys. J. B (2021) 94 :152

(a) (b)

Fig. 6 Schematics showing the difference between chip for-
mation in a laminar flow leading to a straight chip and b
unstable flow leading to a serrated chip. Important cut-
ting characteristics of the cutting process are included in
a: depth of cut d; width of straight chip, d′; rake angle, α;
angle between PSZ and cutting direction, φ

found in simulations to lead to grain coarsening and
rotation caused by shear localization [55].

Earlier sliding experiments of large-grained (grain
size 118 μm) Cu surfaces [56,57] showed non-laminar
plastic flow giving rise to bump and fold formation
upstream of the contact zone. This behavior was inter-
preted to be akin to Kelvin-Helmholtz instabilities in
hydrodynamic flows; this analogy was however argued
to be accidental by Beckmann et al. [51].

We conclude that, while previous simulations of
metallic-glass cutting have not shown chip serration,
our results are in line with molecular-dynamics simu-
lations of machining nanocrystalline metals and with
experiments on polycrystalline metals. The common
origin of serration lies in all cases in the instability of
the laminar plastic flow caused by strain localization.
In the case of metallic glasses, this localization is due to
shear bands, while grain boundaries and other defects
play this role in nano-crystalline material.

5 Conclusion

Cutting of metallic glasses leads for shallow cuts to
straight prismatic chips such as they should be expected
for an isotropic material assuming laminar plastic flow
[1,2]. For deeper cuts, however, the peculiar mechanism
of plasticity of metallic glasses – viz. strain localization
in shear bands – interferes by disturbing the laminar
plastic flow to produce serrated chips. This mechanism
sets in as soon as shear bands are sufficiently separated
that they do not interact with each other; in our study
that occurs for a shear-band separation of around 10
nm which is manifested at cutting depths beyond 12
nm. The waviness of the chip surface then reproduces
the shear-band separation.

In atomistic detail, we could demonstrate that for
these deeper cuts, there is a change of the shear-band
propagation mechanism. While for shallower cuts the
shear bands propagate along the PSZ with a fixed angle,
for deeper cuts the initial propagation angle shifts to a
larger angle before reaching the surface. This more com-
plex shear-band propagation mechanism is responsible

for the increasing shear-band separation at deeper cuts
and thus for the plastic-flow instability.
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57. S. de Beer, M.H. Müser, Physics 5, 100 (2012)

123

http://lammps.sandia.gov/
http://lammps.sandia.gov/
http://www.ovito.org/

	Transition to chip serration in simulated cutting of metallic glasses
	1 Introduction
	2 Simulation details
	3 Results
	3.1 Plasticity and chip shape
	3.2 Shear-band growth

	4 Discussion
	5 Conclusion
	Author contributions
	References
	References




