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Through the use of molecular dynamics (MD) simulation, grinding process of a single crystal copper with
two scratch configurations (i) near spacing (NS) between adjacent scratches, and (ii) far spacing (FS)
between adjacent scratches were simulated and compared to the control sample i.e., a single scratch
(SS). FS configuration revealed the highest material removal, whereas NS configuration showed that
the material removal is affected by various types of defects in the sub-surface which include FCC intrinsic
stacking fault, a coherent twin boundary next to an intrinsic stacking fault and two adjacent intrinsic
stacking faults. The formation of a Stair-rod 1/6 h110i due to the reaction between two Shockley partial
dislocations 1/6 h112i was seen as a distinct feature of the NS configuration which forms the onset of
hardening.
� 2024 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Grinding of metallic substrates is the primary manufacturing
operation followed in industries to shape and design various engi-
neering components. The material removal mechanism during
grinding is a complex process, and many models and theories have
been presented by various researchers over several decades [1].
Many parameters can affect the material removal mechanism dur-
ing the grinding process, such as the cutting parameters (cutting
speed, work feed, depth of cut), cutting fluid types and their mode
of delivery, and the abrasive grits particularly their distribution,
spacing and bonding with the grinding wheel. The plastic flow
occurring during the grinding of metallic components results from
the movement and propagation of dislocations in the groundmate-
rial. Unlike, single grit scratching, the movement of dislocations
during grinding can intersect each other since the two simultane-
ously positioned grits can enter the workpiece consecutively or
parallelly, directly affecting the subsurface dislocation interactions
and leading to dislocation repelling or dislocation pinning and
Lomer lock formation. Surprisingly, this hypothesis has never been
proven experimentally as a real-time examination of these events
during a high-strain rate operation such as grinding is difficult.
This became a key motivation in undertaking the atomic simula-
tion approach for this work and to understand the mechanics of
material removal to compare the differences in adjacent scratches
when they are near or sufficiently distanced. Such an understand-
ing is vital to improve the design of the grinding wheel to execute
energy efficient cutting processes.

In the past, Opoz et al. [2] researched single-grit grinding and
defined the material removal mechanism by characterising pile-
up and chip formation. They concluded that the material pile-up
increases with the wearing out of the grit, and the pile-up phenom-
ena were extremely high at the exit side of the scratch. Alhafez
et al. [3] conducted multiple scratching on a bcc Fe crystal. The fol-
low up scratch was carried out on top of the existing scratch area,
with incremental scratch depth of 2 nm. It was established that the
plastic zone in the 2-cycle scratch was more compact but contains
more dislocations since during the second cycle the tip interacted
with the previously formed dislocations. Zhang et al. [4] performed
the MD simulation on double-grit scratching of copper to under-
stand the interaction effect of two grits cutting adjacently. They
suggested that two distinct high-quality parallel grooves could be
obtained on the work surface regardless of the feed, depth and
crystal orientation. Sharma et al. [5] performed a nanometric cut-
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Table 1
Process variables and details of the MD simulation model.

Copper workpiece
dimensions

30 nm � 20 nm � 50 nm (X, Y and Z direction)

Depth of cut 2 nm
Workpiece cut surface and

cutting direction
(010) and h100i

Cutting tool Spherical shaped with diameter of 8.188 nm
Total tool travel distance 16 nm (6 nm free travel)
Velocity of the tool 200 m/s = 0.2 nm/ps
Total simulation time 16 nm/0.2 nm/ps = 80 ps
MD Timestep 1 fs = 1 � 10-3 ps
Total run timesteps 80/0.001 = 80,000
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ting simulation of copper using MD simulation and asserted that
the propagation of dislocations is prevalent in the h110i slip on
all the crystal orientations. Zhang et al. [6] compiled an extensive
literature on interaction of dislocations and their effect on material
response. It was established that the dislocations may either pen-
etrate the interfaces by inducing steps into the interfaces or disso-
ciate within the interfaces, depending on the type and orientation
of the interface as well as the applied strain.

Extant literature reveals that a myriad of research efforts has
been undertaken to understand the material removal mechanism
during grinding of metallic materials such as copper, and also on
studying the dislocation interactions. However, product-oriented
experimental research has mostly remained focused on optimising
the cutting parameters. Analysis of deeper aspects relating to pile-
up and elastic recovery after grinding is quite limited. There is a
clear knowledge gap concerning what happens when the spacing
between the two cutting grits on the grinding tool is varied and
what optimal spacing will yield an improved material removal pro-
cess. This work addresses this question by embracing the use of
MD simulation and clarifying the influence of grit spacing during
the material removal process. Although, copper was chosen as a
sample material for this study, the proposed theory is well applica-
ble to explain the influence of grit spacing for a wide range of
metallic materials. The emphasis of the study is not to match the
experimental macro scale rather to reveal the phenomena of mate-
rial removal and dislocation with adjacent grits processing the
workpiece considering a nano scale simulation.
2. Method

A schematic MD model emulating the grinding process adopted
from previous MD studies is shown in Fig. 1 [7–9] and details of the
simulation was provided in Table 1. The MD simulation model
adopted in this study consists of a monocrystalline copper work-
piece (face-centred cubic (FCC) structure with a lattice constant
of 0.36 nm) and two spherical diamond grits (each grit with a
diameter of about 8.188 nm containing 47,146 carbon atoms).
The size of the copper workpiece was 30 � 20 � 50 nm (in X, Y
and Z directions, respectively as shown in Fig. 1-b containing
2.59 million atoms). Cutting depth was taken as 2 nm. Size effect
is said to prevail when depth of cut is less than 1/3rd of the
cutting-edge radius. A depth of cut of 2 nm (which is 1/2 of the
cutting-edge radius 4 nm) was chosen for cutting to ensure domi-
nant shearing. Ploughing will be present but the cutting mode will
be shearing dominant which is always preferable. The cutting
region was modelled as Newton-type atoms (LAMMPS NVE
dynamics) and the outer periphery was fixed while an intermittent
Fig. 1. MD simulation model to emulate the grinding proc
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langevin thermostat was provided to dissipate the heat which in
experiments is carried away by air and cutting chips. This method-
ology has widely been followed over the past years including our
previous works [10–12]. The force field (potential function)
scheme used in this study (see Table 2) was that of a mixed/hybrid
type since there is no single many body potential available to
describe the interactions between carbon and copper atoms.

A small volume of copper material in the cutting zone (dimen-
sions 1 nm � 1 nm � 1 nm) was identified for the purpose of stress
and temperature computations. Scalar stress was obtained by con-
verting the atomic stress tensor information obtained from
LAMMPS (stress/atom) by dividing the volume of this atomic
region with the total atomic stress. The instantaneous stress fluctu-
ations were quite high, so the information of stress and tempera-
ture was time averaged using LAMMPS ave/atom command at
every 10 steps repeated over 500 steps at a frequency of 5000
steps. For example, if Nevery = 10, Nrepeat = 500 and Nfreq = 5000,
then values on timesteps 0, 10, 20, 30, 40, 50, 60. . .. . .. . .4970, 4980,
4990. . ..until 5000 will be used to compute the final average on
time step 5000.

The three cases of simulation (see Fig. 1a) involved (i) a single
scratch (SS) simulation where a single diamond grit was moved
across the work surface along the X-direction (ii) two adjacent dia-
mond grits kept in near vicinity having a centre-to-centre distance
of 9 nm, or the edge to edge spacing of 1 nm. This simulation setup
was labelled as near scratch (NS) configuration hereafter, and (iii)
the far scratch (FS) simulation where the two diamond grits had
the centre-to-centre distance of 22 nm or edge-to-edge spacing
of 14 nm. These values were decided based on the preliminary
observations. For 14 nm of edge-edge spacing, there were no inter-
actions observed in the cutting regions of both the grits whereas
edge-edge to spacing 1 nm showed strong interactions in the cut-
ting regions. For all three configurations, a velocity-controlled
ess. The distance ls was varied during the simulations.



Table 2
Scheme of the force field (potential energy function) adopted in this study to perform
the MD simulations.

Interaction type Potential used

Cu-Cu interactions
(Workpiece atoms)

An embedded-atom-method (EAM) [13] with
parameters used in their study by Goel et al. [14]

C–C interactions (Tool
atoms)

Tersoff [15]

Cu-C interactions
(Workpiece-tool
atoms)

Morse potential adopted from Goel et al. [16]
D (eV) = 0.087, A (Å�1) = 1.7 and r0 (Å) = 2.05
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scratching was performed using the cutting velocity of 200 m/s.
The cutting length was about 10 nm on the (010) plane along
the h100i X-direction.

Four parameters were used to analyze the data, namely pile-up
area (PA), groove area (GA), effective material removal (EMR) and
groove depth, to measure the material removal effectiveness of
the scratching process under different configurations. Pile-up area
(PA) refers to the area at the edges of the scratch (above the top
surface of the workpiece) where work material does not form chips
and remains stick to the workpiece. The groove area (GA) repre-
sents the area of the groove formed during the scratching of the
workpiece surface. Effective material removal is defined as the
ratio of groove area to the summation of groove area and pile-up
area, which is expressed as:

EMR ¼ GA
GAþ PA

ð1Þ
Fig. 2. (a) 3-dimensional topography of single scratch (SS), near scratch (NS), and far scra
and FS, (c) scratch and (d) normal force evolution during SS, NS, FS.
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3. Results and discussion

3.1. Material removal mechanism and structural evolution

Typical scratch profiles generated during three cutting configu-
rations (SS, NS, FS) are shown in Fig. 2(a). It could be seen that the
material removal during multi-grit cutting is far more complex
than during the single grit cutting process. It can also be noticed
that the material pile-up combines and accumulates in the NS con-
figuration. As for the FS, two scratches look visually distinct with
no overlap in the pile-up. At the macroscopic level, mechanical
processing performance is generally measured in terms of material
removal and surface features. The estimates of pile-up area (PA)
and groove area (GA) in a typical 2D view of the scratch are shown
in Fig. 2(b). Also, the pile-up area (PA) and groove area (GA) for the
NS and FS configurations were scaled down by a factor of 0.5 to
obtain the material removal strength per diamond grit to have a
direct comparison with the SS configuration. The variations in
PA, GA and EMR in relation to the scratch configuration is shown
in Fig. 2(b). It could be seen that the pile-up per tool grit was the
highest for SS and showed a decreasing trend for NS and FS.

Scratch force in the X-direction and normal force in the Y-
direction extracted from the scratching process are shown in
Fig. 2(c) and 2(d). Before the commencement of cutting, there
was a large degree of workpiece compression, and once the mate-
rial starts to flow on the tool’s rake face, the compression is dom-
inated by the shear, and this stage represents a steady-state cutting
process. For the cutting depth of 2 nm and grit diameter of 8 nm,
tch (FS) (b) effective material removal (EMR), pile-up area, and groove area for SS, NS
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the grit was seen to achieve steady-state cutting after a cutting dis-
tance of about 3.57 nm. Normal forces were a bit lower for NS case
due to overlapping material removal. Normal force fluctuatedmore
as compared to the scratching force. This fluctuation is associated
with the elastic recovery and pile up material along the path. Fluc-
tuation in force along the cutting path represents the unsteady nat-
ure of the tool-workpiece contact which will be directly
responsible for generation of surface waviness.
Fig. 3. Evolution of material defects during the scratching

Fig. 4. Change in sub-surface dislocation b
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The change in atomic structure and the movement of disloca-
tions can be good indicators to obtain information about the qual-
ity of material removal across different scratch configurations. The
single crystal copper has FCC crystal structure which has 12 slip
systems. Under the effect of cutting stress, few stacking fault
becomes apparent as a consequence of the FCC copper transform-
ing to defect structures resembling as hcp structures with 2, 3 and
4 layers of hcp like configurations. The growth of defects under dif-
process in the three test cases simulated in this work.

ehaviour SS, NS and FS configurations.
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ferent cutting configurations (SS, NS and FS) at different instances
of cutting lengths (3 nm, 6 nm and 10 nm) are shown in Fig. 3.
Another type of atomic structure in the workpiece could be seen,
and the percentage of different types of structures was calculated
as equal number of atoms showing a specific type of atomic struc-
ture / total number of atoms. After the cutting process attains a
steady state, the largest number of stacking faults can be seen in
the NS configuration. These faults were of type FCC intrinsic stack-
ing faults (2 hcp layered like defect structure), a coherent twin
boundary next to an intrinsic stacking fault (3 hcp layered like
defect structure) and two adjacent intrinsic stacking faults (4 hcp
layered defect structure). It means that the lattice orientations on
the two sides of a 3-layer fault were different, but the lattice orien-
tation was the same on either side of 2- or 4-hcp resembling layers.
The effective material removal during the SS configuration was the
lowest and highest for the FS configuration. EMR of NS configura-
tion was higher than that of SS and lower than that of the FS,
because the material overlapping between the two grits gets
removed during cutting.

3.2. Surface dislocations and elastic recovery

Fig. 4 shows various types of dislocation structures in the
sub-surface of the scratched area. In FCC materials, Shockley
dislocations are the most prevalent type of dislocations as were
seen during the simulated cases in this work. Two common
dislocations in an FCC structure are the Hirth dislocation which
can result from reactions between Shockley dislocations as

1=6½1
�
2
�
1� þ 1=6½1

�
21

�
� ¼ 1=3½1

�
00� and Frank dislocation which

can result from reactions of Stair-rod and Shockley, e.g.,
1=6½011� þ 1=6½211� ¼ 1=3½111�. Hirth dislocations are referred to
as Hirth locks [17], and Frank dislocations are known as Lomer–
Cottrell (LC) locks. A Lomer lock is a type of sessile dislocation that
acts as a pinning point in forest hardening. When dislocations
Fig. 5. (a) Variation in the elastic recovery and (b), (c), (
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move under tensile stress, their stress fields interact. As the elastic
strain energy is proportional to the square of the local strain, it is
energetically favourable for the stress fields to configure them-
selves to minimise this strain. It could be observed that the area
density of dislocations increased along the cutting length. Copper
with the FCC structure has 12 non-equivalent partial dislocation
slip systems h110i/2{111}. However, not all these slip systems
are operative during scratching. We can convert the applied shear
(scratching) stress to each slip system based on tensor rotation.
The slip systems with the maximum conversion factors (analogous
to the Schmid factor) are operative. We saw that the (010) scratch-

ing has eight most likely operative slip systems [101]/2_(1
�
11), [0

1
�
1]/2_(1

�
11), [101]/2_(11 1

�
), [011]/2_(11 1

�
), [011]/2_(1

�
1 1

�
), [10

1
�
]/2_(1

�
1 1

�
), [0 1

�
1]/2_(1 11), [1

�
01]/2_(111) with a conversion fac-

tor of 0.41 [18]. During scratching in the FS configuration, the dis-
locations in the sub-surface under the two grits showed no
interaction or overlap. From the comparison of three configura-
tions and a close up of the NS configuration, as shown in Fig. 4, a
large stair-rod forming as a result of the reaction between two
Shockley’s can be seen. This stair rod forming the Hirth lock led
to work hardening when two scratches are nearly distanced. This
limits the movement of dislocations at the outer boundaries of
the two scratches. It explains the hardening of pile-up material
during NS configuration and suggests that the dislocation pinning
during the grinding of copper restricts the free mobility of Shockley
dislocations. Overall, it was found that the Shockley dislocation
acts as a transporter of plasticity under the sub-surface which
appears to be straightforward during SS and FS configurations,
but it meets a competing force due to the Hirth lock during the
NS configuration.

Elastic recovery of scratched grooves could be calculated using
the relation between the theoretical scratch geometry (based on
grit and workpiece interaction area) and the measured scratch
d) stress distribution for SS, FS and NS respectively.
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geometry. However, the measured width and depth are always less
than the theoretical measure due to the elastic recovery of the
workpiece. The percentage elastic recovery can be calculated as:

%elasticrecoveryinZdirection ¼ wideal �wactual

wideal
� 100 ð2Þ

%elasticrecoveryinYdirection ¼ hideal � hactual

hideal
� 100 ð3Þ

The percentage elastic recovery in the Z-direction (scratch width
direction) and Y-direction (scratch depth direction) for different
configurations can also be seen in Fig. 5(a). In the prima facie, it is
evident that the elastic recovery is more prominent in the Z-
direction as compared to the Y-direction [19]. It can be explained
by the variable stress distribution along the contact zone, shown
in Fig. 5 (b), (c), (d). The cutting stress varies along the cutting-
edge radius, being maximum at the center, and therefore the mate-
rial at the centre is compressed to the maximum possible extent
compared to the material sideways. Therefore, the work material
at the valley of the scratch showed a lower amount of elastic recov-
ery. Secondly, the elastic recovery along the Y-direction does not
differ significantly during SS, NS and FS and its extent was just
about 8 % to 9 %. The extent of elastic recovery in the Z-direction
was seen to be higher and significantly dependent on the scratch
configuration. The highest elastic recovery of 23.4 % could be
observed for the SS configuration as there is no dislocation pinning
and restriction on material flow. The elastic recovery was lowest at
12.44 % for the NS configuration, which occurred due to the forest
hardening due to the formation of Hirth locks and L-C locks.

4. Conclusions

This work addresses an important research gap in understand-
ing the material removal mechanism of abrasive cutting tools such
as grinding. A molecular dynamics study was performed to observe
the interaction between various dislocations when two closely
spaced abrasive grits were compared with a sufficiently distanced
grits during scratching of copper. Following conclusions were
drawn from the outcomes:

� During single grit scratching, a Shockley dislocation
1/6 h112i serves the role of transporting the plasticity but in
scenario’s when two adjacent grits scratches a surface, the
two Shockley can react to form a stair rod which results in a
Hirth lock leading to strain accumulation and work hardening.
Too close positioning of abrasive grits on the grinding wheel
would therefore lead to the generation of hardened surface
and difficulty in the materials processing due to restricted dis-
location movement.

� The elastic recovery of material was seen higher in the trans-
verse direction as compared to the normal direction, caused
by variable stresses across the cutting-edge radius. The elastic
recovery amount was higher if the cutting grits are sufficiently
distance apart, again due to the lower strength of dislocation
pinning.

� Average forces on a grit during scratching was almost similar in
case of single scratch and far scratch configuration, however, a
bit lower due to overlapping material removal in case when
two grits were positioned in very near domain.

The present study is limited to observation of dislocation beha-
viour during dry scratching. However, most of the grinding and
cutting processes are carried out in the presence of cutting fluids
in order to achieve better surface finish and lower tool wear.
Molecular dynamics simulation with cutting fluids similar to the
recent efforts may be a good follow up work [20], and further stud-
63
ies should be carried out to observe the effects of cutting fluids on
pile-up and dislocation interaction during multiple scratching. Sec-
ondly, the effective material removal (EMR) parameter presented
in this study considers only ploughing and shearing, whereas
neglects the effect of elastic deflection. However, it is well known
that elastic deflection can be quite significant during small scale
removal processes. Therefore, a modified parameter (in place of
EMR) should be established in the future to accommodate the
effect of elastic deflection.
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