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Abstract

Purpose –Molecular dynamics is an emerging simulation technique in the field of machining in recent years.
Many researchers have tried to simulate different processing methods of various materials with the theory of
molecular dynamics (MD), and some preliminary conclusions have been obtained. However, the application of
MD simulation is more limited compared with traditional finite element model (FEM) simulation technique due
to the complex modeling approach and long computation time. Therefore, more studies on the MD simulations
are required to provide a reliable theoretical basis for the nanoscale interpretation of grinding process. This
study investigates the crystal structures, dislocations, force, temperature and subsurface damage (SSD) in the
grinding of iron-nickel alloy using MD analysis.
Design/methodology/approach – In this study the simulation model is established on the basis of the
workpiece and single cubic boron nitride (CBN) grit with embedded atom method and Morse potentials
describing the forces and energies between different atoms. The effects of grinding parameters on the material
microstructure are studied based on the simulation results.
Findings –When CBN grit goes through one of the grains, the arrangement of atoms within the grain will be
disordered, but other grains will not be easily deformed due to the protection of the grain boundaries. Higher
grinding speed and larger cutting depth can cause greater impact of grit on the atoms, andmore body-centered
cubic (BCC) structures will be destroyed. The dislocations will appear in grain boundaries due to the
rearrangement of atoms in grinding. The increase of grinding speed results in the more transformation from
BCC to amorphous structures.
Originality/value – This study is aimed to study the grinding of Fe-Ni alloy (maraging steel) with single grit
through MD simulation method, and to reveal the microstructure evolution within the affected range of SSD
layer in the workpiece. The simulation model of polycrystalline structure of Fe-Ni maraging steel and grinding
process of single CBN grit is constructed based on the Voronoi algorithm. The atomic accumulation,
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transformation of crystal structures, evolution of dislocations as well as the generation of SSD are discussed
according to the simulation results.

Keywords Grinding, Crystal structures, Dislocations, Subsurface damage, Molecular dynamics

Paper type Research paper

1. Introduction
Iron nickel (Fe-Ni) alloy is a low frequency soft magnetic material with high permeability and
low coercivity in weak magnetic fields, which is widely used as the crucial material to
manufacture gyroscopes, accelerometers, firing pins in aeronautic and aerospace equipment.
The service performance for these key components is extremely sensitive to the surface
integrity, such as surface roughness, residual stress, microhardness, damage layer and so on
(Zhou et al., 2021a; Sun et al., 2022; Guo et al., 2021; Zhang et al., 2022). Grinding is a kind of
precisionmachining techniques and is often used as the last step tomanufacture high-quality
parts. Due to the micro size of inertial navigation components, the dimension of the grinding
wheel is limited, and thus, the relative linear velocity between grinding wheel and workpiece
is not able to reach a high level. Numerous studies have proved that higher wheel speed can
significantly improve the surface integrity of the part because of less grinding force and
smaller undeformed chip thickness. However, the quality of these high-performance parts in
aeronautic and aerospace fields is difficult to be guaranteed during the micronanoscale
grinding process, since the evolution of surface and subsurface microstructure of the part is
different compared with those in the macrogrinding (Li et al., 2022; Ding et al., 2022; Lv et al.,
2020). Therefore, how to better understand the variation of material microstructure and
accurately control the surface integrity in precision manufacturing conditions has become a
major challenge for high-quality and high-efficient machining of key components in the
aeronautic and aerospace equipment.

The traditional finite element model (FEM) tends to interpret the physical phenomena
behind grinding inmicro scale. Based on thematerial intrinsicmodel, the FEM simulation can
be constructed to accurately quantify physical quantities such as stress, strain, strain rate,
cutting force and cutting temperature during the grinding process, which in turn provides
reference data for studying wheel wear, machining surface integrity and process
optimization (Lerra et al., 2022; Peng et al., 2021; Chen et al., 2022). The evolution of
microstructure, such as plastic deformation, grain refinement, residual stress, etc., and
physical and mechanical properties, namely hardness, yield strength, etc., can be graphically
demonstrated by the simulation results, which can provide a distinct understanding of
grinding process (Wan et al., 2018; Guo et al., 2020; Lan and Jiao, 2019).

In nanoscale grinding, material removal is generally the size of a dozen or even a few
atoms, and in such a narrow cutting range, the effect on each atom is extremely complex.
Meanwhile, the atomic motion in nanoscale grinding is different from the continuous motion
in macroscopic grinding, which actually contains discrete phenomenon. Therefore, it is
simply not feasible to adopt the macro-scale continuous medium theory to explain the
nanoscale level with finite element analysis, and only the search for new methods and
machining mechanisms under the nanoscale perspective can more accurately explain certain
special phenomena that occur in the nanoscale grinding. Hence, molecular dynamics (MD) is
proposed to study the behavior of atoms in the removal process (Li et al., 2021; Ren et al., 2018).
The MD simulation explains the complex intrinsic interaction mechanism between abrasive
grit and workpiece by revealing the basic process of atomic destruction in grinding. The
conventional study on the relationship between grinding parameters and grinding energy is
extended to the mechanisms of crystal structures, dislocations and crack initiations through
MD (Huang et al., 2021; Guo et al., 2016; Li et al., 2015).

In terms of the crystal structures, the nanogrinding process of copper-silicon with a single
diamond abrasive grit is investigated by Xu et al. (2019) usingMD simulations. The effects of
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grinding depth, speed, and Cu thickness on material removal and defects are analyzed based
on dislocations and phase transitions. The phase transitions from the face-centered cubic
(FCC) to body-centered cubic (BCC) structures are accompanied by an increase in the atomic
kinetic energy, while the kinetic energy is released as material recovers from elastic
deformation. The transitions of the crystal structures will induce the phase transformation
and residual stress. Zhao et al. (2022) adopt the MD method as the theoretical basis to study
the mechanical response, phase transformation and residual stress of the single-crystal
silicon during the nanogrinding process. The simulation results show that the grinding
speed, temperature and grinding depth can affect the atomic movement process in the
subsurface of the workpiece, thereby affecting the phase transformation and tensile residual
stress of the workpiece. Zhou et al. (2021b) establish an MD model to simulate the belt
grinding process of titanium alloy. The simulation results show that the titanium atoms on
both sides and underneath the abrasive grit show different deformation patterns. In addition,
the titanium atoms close to the cutting surface moved faster during cooling than those far
from the cutting surface, which eventually resulted in the initiation of residual stress.

Dislocations have a great influence on the mechanical properties of materials, mainly in
terms of toughness and strength. The material with more dislocations will have higher
strength and less toughness, whichmeans that the subsurface and surface of theworkpiece is
more prone to damage after grinding. By performing three-dimensional MD simulations, the
effects of the tool radius, depth of cut and grinding speed on the grinding ofAl–Si bilayers are
studied by Wang et al. (2019) The brittle to ductile transition of bilayers, which strongly
depends on the interface debond energy, has a key role in controlling the dislocation slipping
mechanism. Li et al. (2014) study the mechanisms of subsurface damage (SSD) and material
removal ofmonocrystalline copper under a nanoscale high speed grinding inMD simulations.
The key factors that would influence the deformation of the material were the chip,
dislocation movement, and workpiece deformation. The transition of deformation
mechanisms depends on the competition between the dislocations and deformation
twinning. Liu et al. (2022) investigate the nanogrinding process of single-crystal silicon
carbide with MD. By changing the grinding depth, the atomic Y direction displacement,
crystal defect, force, von Mises stress and the wear of abrasive are analyzed. With the
increase in grinding depth, the atomic Y direction displacement, crystal defect, force and the
wear of abrasive are gradually increasing.

MD is an emerging simulation technique in the field of machining in recent years. Many
researchers have tried to simulate different processing methods of various materials with the
theory ofMD, and some preliminary conclusions have been obtained. However, the application
of MD simulation is more limited compared with traditional FEM simulation technique due to
the complexmodeling approach and long computation time.Therefore,more studies on theMD
simulations are required to provide a reliable theoretical basis for the nanoscale interpretation
of grinding process. This study is aimed to study the grinding of Fe-Ni alloy (maraging steel)
with single grit through MD simulation method and to reveal the microstructure evolution
within the affected range of SSD layer in the workpiece. The simulation model of
polycrystalline structure of Fe-Ni maraging steel and grinding process of single CBN grit is
constructed based on the Voronoi algorithm. The atomic accumulation, transformation of
crystal structures, evolution of dislocations as well as the generation of SSD are discussed
according to the simulation results. The grinding experiment is carried out to qualitatively
analyze the SSD of the workpiece by comparison of simulation and detection results.

2. Simulation methodology
2.1 Workpiece model in molecular dynamics
The accuracy of material properties determines the quality of the workpiece model. The
properties of materials inMD simulations are determined by atomicmass, atomic coordinates
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and interatomic potentials. Atomic mass can be obtained from the periodic table. The
elements of workpiece material used in this study, namely maraging steel, are mostly
composed of Fe and Ni (Yeqiong and Mufu, 2011), so that the model in the simulation will
consist of these two elements. The atomic mass of Fe is 55.84 and the atomic mass of Ni is
58.69. The atomic coordinates depend on the crystal structure and atomic lattice constant.
The maraging steel contains more than 86% BCC martensite and 13% BCC ferrite (Li et al.,
2016). Therefore, the material of workpiece model is set to the BCC primitive cell of 68% Fe
and 32% Ni, and the lattice length is 0.2855 nm (Bonny et al., 2009). For the cutting tool,
namely CBN grit, its crystal structure is diamond structure and lattice constant is 0.3615 nm.

The atomic potential function is a physical curve that determines the atomic force and
energy. Choosing the correct and accurate potential function is beneficial to get more correct
results. In this study, the workpiece model mainly contains three kinds of interatomic forces,
including the interaction of the metal atoms in the workpiece (Fe-Ni); the interaction between
the workpiece and the grit (Fe-N, Ni-N, Fe-B, Ni-B); and the interaction of the atoms in the grit
(B-N). Due to there are a lot of dislocations and gaps exit in the grain boundaries, the
embedded atom method (EAM) (Foiles et al., 1986; Daw et al., 1993) potential function can
describe the interatomic forces of Fe-Ni well. For Fe-N, Ni-N, Fe-B and Ni-B, Morse (Pei et al.,
2007; Zhang et al., 2009) potential function can be easy to program and simple in form. Since
the hardness of the CBN grit is much higher than the workpiece, it is not necessary to choose
the potential function for B-N. Thus, the grit will be set as a rigid body.

The EAM potential function can accurately express the force and energy between Fe-Ni
atoms, as shown in Equation (1).

Etot ¼ 1

2

X
ij

∅ijðrijÞ þ
X
i

FðρiÞ (1)

where∅ijðrijÞ is the repulsive interaction between atoms; FðρiÞ is the Mosaic energy of the ith
atom embedded in the background electron cloud with density ρi. The expression of ρi is
shown in Equation (2).

ρi ¼
X
j≠i

ρiðrijÞ (2)

The Morse potential function can accurately express the force and energy between Fe-N, Ni-
N, Fe-B and Ni-B atoms, as shown in Equation (3).

Etot ¼
X

D0

�
e−2αðr−r0Þ � e−αðr−r0Þ

�
(3)

In Equation (3), there are mainly three parameters, namely, D0, α, r0, which represent the
binding energy, elastic modulus and atomic spacing of equilibrium position, respectively.
According to existing data and debugging, three parameter values can be set as 0.087, 5.14
and 2.05, respectively (Li et al., 2014).

2.2 Establishment of polycrystalline Fe-Ni alloy model
In this paper, Voronoi algorithm is used to generate the polycrystalline workpiecemodel. The
process of Voronoi algorithm is: firstly, the number of grains in the workpiece model is set as
N and N coordinate points are randomly generated to serve as the center of these grains,
namely the nucleus. Secondly, generate one grain. Choose one point that was randomly
generated in the previous step, this point is connected to the other points around it and is
bisected vertically. The area enclosed by the vertical bisector is a grain, which is then filled
with atoms in a random orientation and an ideal lattice of points. Lastly, repeating the
previous two steps to generate all grains in the model. To avoid an unreasonable situation, it
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is necessary to remove atoms with smaller distances at the boundary. After completion, the
polycrystalline workpiece model can be generated.

In a polycrystalline workpiece model, the number of grains is determined by the size of the
workpiecemodel and the grain. In this paper, the grain size in the Fe-Ni alloyworkpiecemodel
will be set to 103 103 10 nm3. Voronoi algorithmwas used to generate polycrystalline Fe-Ni
alloy workpiece model, and it was found that the number of grain is set to 63 33 2 (6 grains
in X direction, 3 grains in Y direction and 2 grains in Z direction) was the best, because the
atomic conversion rate (the number of atoms in the polycrystalline/the number of atoms in the
original single crystal) will high up to 99.99%. Therefore, 63 33 2 grains are filled in single
crystalmodel of size 603 303 20 nm3. In order to save computermemory, the polycrystalline
model generated on the basis of the single crystal model will be taken out of size
30 3 15 3 10 nm3 part as the research object of this paper.

Figure 1 shows polycrystalline Fe-Ni alloy workpiece model. In the figure, G1–G15
represents different grains, which are distinguished by different colors. The space between
the grains is represented as the grain boundary, as shown in purple. The blue area represents
CBN grit, red area represents Fe element in Fe-Ni alloy workpiece model and green area
represents Ni element. All the atoms in the workpiece are divided into three types: boundary
atoms, thermostatic atoms and Newtonian atoms. The boundary atoms remain stationary,
the lattice deformation is ignored and the atom is not involved in calculation. The
thermostatic atoms are designed to keep the energy of the whole system stable, so their
motion needs to be calibrated to keep the temperature constant. The rest are Newtonian
atoms, which conform to Newton’s classical laws of motion. Both Newtonian and
thermostatic atoms are involved in atomic calculation. The boundary atoms and
thermostatic atoms thickness are set to 1 nm, and the diameter of CBN grit is set to 10 nm.
The CBN grit will move in the negative direction of the X axis (from right to left) according to
the designed depth of cut and grinding speed during the simulation. The periodic boundary is
used in X-axis and Z-axis to approximate a large (infinite) system by the existing model,
which can get an accurate result under the limited computational ability.

2.3 Model parameters in molecular dynamics simulation
In this study, there are 15 groups of MD simulation, and the grinding speed vs is 12.58, 25.17,
37.75, 50.33 and 62.92 m/s, respectively. The cutting depth of single CBN grit, equivalent to
themaximum undeformed chip thickness (agmax) is 0.9, 1.8 and 2.7 nm, respectively, as shown
in Table 1. During the whole simulation process, the grinding distance is 20 nm and the step
length is 1 fs (Stadler et al., 1997). The initial temperature of theworkpiece is 293Kwhich is set
by using a randomnumber generatorwith the specified seed to scale the velocity of the atoms.
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Figure 1.
Fe-Ni alloy workpiece

model in MD
simulation
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During the whole grinding process, there is a considerable amount of energy transmitted to
the thermostat atoms, and heat dissipation is carried out in the process of the MD simulation
to keep the thermostatic atoms at the constant temperature of 293 K, by adjusting the atom
velocities at every five computational time steps using the velocity rescaling method.

All MD simulations are completed using the classical MD package large-scale atomic/
molecular massively parallel simulator (LAMMPS). All atomic information will output a
dump file at regular intervals as required by the settings. Force, stress, temperature and other
information during the grinding simulation will be written in the log file and output. After the
simulation, the excel software was used to deal with the force, stress and temperature, and the
visualization software OVITO (Stukowski, 2009) was used to open the dump file. The crystal
structure and dislocation evolution were analyzed through common neighbor analysis (CNA)
and dislocation extraction algorithm (DXA) (Stukowski et al., 2012).

3. Experimental setup
Although the MD simulation and practical grinding experiment differ greatly in the scales of
workpiece size and process parameters, the experimental results can verify to some extent
whether the simulation process is reasonable and explain the mechanisms of material
removal and ground surface generation from the perspective of material microstructure.
Therefore, grinding experiments are conducted in this study for the grinding of FeNi alloy
under conventional process parameters. The machined specimens are polished and etched,
and the thickness of the SSD layer is examined by electron scanning microscope. The
measured results are compared with the simulation results for analysis, so as to qualitatively
study the effects of grinding parameters on crystal structures, dislocations and SSD.

The grinding experiment is conducted on the Carver S600A machining center. The CBN
grinding wheel has a diameter of 100 mm and a width of 6 mmwith resin bond. The grinding
parameters in the experiment are given as follow: grinding speed vs 5 25.17, 37.75 and
50.33m/s, work speed vw5 10mm/s, depth of cut ap5 2, 6 and 10 μm.Theworkpiecematerial
is maraging steel, as mentioned in Section 2.1. The experimental setup is shown in Figure 2.

To facilitate the detection of SSD layer of the ground surface, each workpiece is cut into a
size of 123 153 2 mm after grinding. After the experiment, each specimen is pretreated at
first by mechanical polishing using a polishing machine as well as hand polishing by
sandpaper. Once the polishing is done, the formula of corrosion solution for the maraging
steel needs to be deployed. Through the literature review and experiment investigation, it is
found that 10% nitric acid alcohol (100 ml ethanol þ 10 ml nitric acid) is able to corrode the
surface of the specimen well, so that better observation result of specimen can be achieved.
Then the specimen should be cleaned using an ultrasonic cleaner with alcohol or acetone, in
order to further improve the detection effectiveness. When all the above pretreatment steps
are completed, the specimens will be examined by an electron scanning microscope (SEM),
QUANTA 250 to detection subsurface status.

Properties Fe-Ni alloy workpiece CBN tool

Dimension 30 3 15 3 10 (nm3) R5 (nm)
Number of atoms 400,938 44,408
Time step (fs) 1
Initial temperature (K) 293
Grinding velocity (m/s) 12.58, 25.17, 37.75, 50.33, 62.92
Cutting depth (nm) 0.9, 1.8, 2.7
Grinding distance (nm) 20

Table 1.
Computational
parameters used in MD
simulation
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4. Results and discussions
4.1 Transformation of crystal structures
As shown in Figure 3, a cross section diagram of the workpiece at Z 5 5 nm under the
grinding speed of 37.749 m/s and the depth of cut of 1.8 nm is plotted. In Figure 3a, the CBN
grit does not contact the workpiece at the initial time of the simulation.When the grit contacts
the workpiece with the setting cutting depth, it will move in the negative direction along the
X-axis. The cross section and grain boundaries (shown in the black dotted line) can be clearly
found in Figure 3a, and the grain orientation can be obviously identified at the same time.

When the CBN grit continues moving to l5 5 nm, as shown in Figure 3b, it is found that
the arrangement of atoms in the position of the grit is disordered. In addition, the atoms in
front of the CBN grit travel in a straight line with the grit. However, due to the protection of
the grain boundaries, the arrangement of atoms within a grain that does not contact the grit
will not be disordered (as expressed in white dotted lines).

Grain
Boundary

Chips

Z = 5 nm

(a)

(c)

(b)

(d)

Figure 2.
Schematic diagram of

experimental setup

Figure 3.
Grinding process at (a)
0, (b) 5, (c) 10, and (d)

15 nm grinding
distance in MD

simulation
(vs 5 37.75 m/s,
agmax 5 1.8 nm)
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When the grit keeps moving to l 5 10 nm, as shown in Figure 3c, more and more atoms in
front of the CBNgrit are accumulated, and thus these atoms are forming the chips. Some chips
will follow the moving direction of the grit and form larger chips, while the other will flow to
both sides of the grit and form a groove. When the grit moves to l 5 15 nm, as shown in
Figure 3d, the grain boundaries produce larger deformation (white dotted lines), because in
the presence of large amounts of dislocations, the gaps can store larger deformation energy.

Figure 4 demonstrates the crystal structure with a cross section diagram of the workpiece
at Z5 5 nmwhen the grinding speed is 12.58m/s and the cutting depth is 1.8 nm. In Figure 4a,
the CBN grit does not contact the workpiece when grinding distance is 0 nm and the atomic
structure at the grain boundaries is amorphous because of the complex arrangement of atoms
at the grain boundaries and the presence of a large number of dislocations.

As shown in Figure 4b, the number of amorphous structures increases when the grit
moves to 10 nm, which is due to the obvious deformation inside the grain and at the grain
boundaries under the grinding force as well as the grinding temperature, which makes the
atoms rearrange. Most of the atoms that undergo the rearrangement will form irregular
amorphous structures, and only a small portion will form regularly arranged atomic crystal
structures, as shown in the areas A-A and B-B, which are mainly FCC crystal structures and
dense-array hexagonal crystal structures (HCP).

When the grit continues to move to 20 nm in Figure 4c, more of the BCC structures
transform into amorphous structure, which is due to the increase of grinding temperature
with the larger grinding distance. In addition, the surface of the workpiece is also considered
as an amorphous structure, because no atoms is found directly pairedwith it on the surface of
the workpiece, they will exist as individual atoms, so this part of the atomic structure will be
considered as an amorphous structure.

The variations of BCC structure, amorphous structure and other structures with different
grinding speeds and cutting depths are illustrated in Figure 5. With increasing grinding
speed, the reduction of BCC structures appears upward trend (Figure 5a). The higher the
grinding speed results in the higher the energy, and thus, more impact of the grit on the
workpiece. Therefore, the more the BCC structures will be destroyed and the reduction in
the number of BCC structures will increase.

A-A

B-B

B

A

BCC/Cube Diamond Amorphous FCC HCP

Z = 5 nm

(a) (b)

(c)

Figure 4.
Crystal structure in
grinding process at (a)
0, (b) 10, and (c) 20 nm
grinding distance in
MD simulation
(vs 5 12.58 m/s,
agmax 5 1.8 nm)
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On the contrary, the variation of amorphous and other (FCC and HCP) structures shows an
opposite trend compared with that of BCC structures, as shown in Figure 5b and c.
Amorphous structures increment presents upward trend. The destruction of the BCC
structures will result in an increase of a large number of amorphous structures and a small
number of other regularly arranged crystal structures, such as FCC and HCP.

At the same grinding speed, greater cutting depth results in the more atoms being
removed by the grit, and more crystal structures will be destroyed. Similarly, most of the
destroyed BCC crystal structures are transformed into amorphous, FCC and HCP structures,
so the quantities of these structures will increase with the larger cutting depth.

4.2 Evolution of dislocations
Dislocations have an important influence on the mechanical properties of the materials,
mainly in terms of toughness and strength. The more dislocations are produced during the
machining process, the higher the strength and the worse the toughness will be achieved by
the workpiece. The MD images that show the dislocation evolution of Fe-Ni alloy with
different grinding distances when the grinding speed is 12.58 m/s and the depth of cut is
0.9 nm are demonstrated in Figure 6. All images and data are obtained fromOVITO, by using
DXA module.

After energy minimization, dislocations are mainly concentrated in three regions, namely
the grain boundaries of G6-G7-G11, G6-G11 and G11-G14, as shown in Figure 6a at A-A, B-B

Figure 5.
Variations of crystal

structures with
different grinding
speeds and cutting
depths. (a) BCC, (b)
Amorphous, and (c)

FCC and HCP

Figure 6.
Dislocation evolution
in grinding process at
(a) 0, (b) 5, (c) 10 and (d)

15 nm grinding
distance in MD

simulation
(vs 5 12.58 m/s,

agmax5 0.9 nm), and (e)
evolution of the

average dislocation
length with various
grinding speeds and

cutting depths
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and C-C. The dislocations at the grain boundaries are caused by their own polycrystalline
structure and the rearrangement of atoms during energy minimization.

As shown in Figure 6b and c, some of the dislocations at the grain boundaries have been
gradually reduced when the grit moves to 5 nm and 10 nm, which are caused by the
deformation of the grain boundaries under the grinding force and the grinding temperature
as well as the heat treatment. In addition, it can be clearly seen from Figure 6b, grain below
grain boundaries (black dotted line) is not affected. This further proves that grain boundaries
have the function of protecting grain the above mentioned.

When the abrasive grains move to 15 nm, a comparison of A-A, B-B and C-C in Figure 6a
and d shows that the dislocations at A-A and C-C are significantly reduced, while those at B-B
disappear completely. Furthermore, all dislocations occur at grain boundaries, while no
dislocations occur inside the grains, which indicate that grain boundaries aremore fragile and
more prone to deformation than grains.

The evolution of average dislocation length with various grinding speeds and cutting
depths is plotted in Figure 6e. The average dislocation length describes the dislocation at any
location in thematerial, and is a combination of the overall dislocation length of theworkpiece
and the model volume, which can reflect the dislocation more accurately.

At the same cutting depth, the average dislocation length decreases with the increase of
grinding speed. The excessive speed shortens the atomic rearrangement time for dislocation
generation, which reduces the average dislocation. As a result, the atoms will move more
easily and the material will be more prone to deformation, so the strength of the workpiece
will be reduced while the toughness will be improved.

When the grinding speed remains the same the average dislocation length increases as the
cutting depth increases. This is because the grinding force and temperature induced by the
larger cutting depth will drive the atoms to move faster and thus produce more dislocations.
The dislocations will prevent the atoms from moving with increasing average dislocation
length and the workpiece will become less deformable, so the strength of the workpiece will
increase while the toughness will decrease.

4.3 Analysis of grinding force and temperature
The conventional grinding force comes from two sources: first is the resistance generated
when the workpiece material undergoes elastic-plastic deformation during the grinding
process; and second is the friction between the abrasive grits and the workpiece surface. In
contrast, the MD simulation reveals that the source of nanoscale grinding force is mainly the
interaction force between atoms.

The evolution of grinding force with grinding distance when grinding speed is 12.58 m/s
and the cutting depth is 1.8 nm is demonstrated in Figure 7a. It can be observed that thewhole
grinding process is divided into three phases. In Phase I, the grit penetrates the workpiece
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until reaching the cutting depth, and the unstable forces are produced in the initial grinding
stage (Phase II) when the grit moves around 1 nm. Phase III is the stable grinding phase so
that the fluctuations of the forces are little.

Due to the penetration of the grit to the workpiece, a large normal force is generated in
Phase I, while the tangential force changes a little. Once the grit starts to move along the
workpiece surface, the normal force drops sharply from 820 nN to 360 nN, but still has great
fluctuation in Phase II. Both tangential and normal forces are in an unstable status at this
stage. In contrast, Phase III is stable grinding phase that forces have little fluctuations, the
tangential are normal forces are around 320 nN and 440 nN. The distortion of the atomic
lattice when the workpiece atoms are removed and the strain energy is stored. When the
removal force is greater than the stored strain energy, the atomswill be removed. At this time,
the stored strain energy will disappear suddenly, and the grinding force will decrease
suddenly. Therefore, the grinding force will rotate back and forth, resulting in the fluctuation
in Phase III.

The variations of tangential and normal force with different grinding speeds and cutting
depths are shown in Figure 7b and c. At the same cutting depth, both tangential and normal
forces will slightly decrease with the increase of grinding speed. When grinding speed
increases, the amorphous structures present increase trend. As the number of amorphous
structures increase and the number of BCC structures decrease, the gap in the material will
increase, and thus, the grinding force will decrease. When the grinding speed remains the
same, both tangential force and normal force increase with the increase of depth of cut. The
greater the depth of cut, the more atoms the grit will contact, and the more interatomic forces
the grit needs to resist, therefore, the grinding forces show slight increasing trend.

To qualitatively, analyze the trends of grinding forces and temperature in MD simulation,
themacrogrinding experiments are performedwith the parameters in Table 2. Themaximum
undeformed chip thickness agmax is converted to the theoretical depth of cut by Equation (4).

agmax ¼ 2λ
vw

vs

ffiffiffiffiffiffiffiffi
apde

q
(4)

where vw and vs are the work speed and grinding speed; ap is the cutting depth of the grinding
wheel, and de is the equivalent grinding wheel diameter; λ is the spacing between successive
abrasive grits and is assumed to be 150 μmaccording to the grindingwheel used in this study.
The theoretical depth of cut ap.t calculated from the agmax is difficult to be achieved by the
machine tool, and thus, the experimental depth of cut ap.e that is close to the theoretical value
is chosen in the experiment.

The grinding forces from the simulation and experiment demonstrate the same trend in
Figure 8. Although the simulated and experimental values do not exactly match, they both
correctly reflect the trend of the grinding force generated during the grinding process of the
Fe-Ni alloy from the microscopic and macroscopic points of view.

No.
Grinding speed

Maximum undeformed
chip thickness

Theoretical depth
of cut

Experimental depth
of cut

vs (m/s) agmax (nm) ap.t (μm) ap.e (μm)

1 25.17 1.8 2.28 2
2 37.75 1.8 5.13 6
3 50.33 1.8 9.12 10
4 37.75 0.9 1.28 2
5 37.75 1.8 5.13 6
6 37.75 2.7 11.54 10

Table 2.
Grinding parameters in

the experiment
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The grinding temperature in the MD simulation of Fe-NI alloy is also investigated. Figure 9
shows the variations of grinding temperatures with changing grinding speed and cutting
depth. It is found that the increasing grinding speed will cause the rise of grinding
temperature when the cutting depth keeps constant. On the other hand, the greater the
cutting depth results in the higher the grinding temperature, which can be explained by the
reason that the grit will contact more atoms in workpiece and break more Fe-Ni metal bonds.
The more metal bonds are broken, the more energy is generated and will be transformed to
the higher grinding temperature.

The comparisons of simulated and experimental grinding temperatures are shown in
Figure 10. Unlike the large difference in grinding force values, the difference in temperature
between simulation and experiment is not significant.

By comparisons of the temperature trends, it can be observed that the grinding speed and
cutting depth have certain effects on the equilibrium of temperature rise. According to
Figure 5b, the lower grinding speed leads to the less quantity of amorphous structure be
transformed, so that the workpiece will have the less defects and gaps, and less time is taken
to reach temperature equilibrium. Therefore, the grinding temperature can reach equilibrium
state rapidly at low grinding speed. Correspondingly, smaller cutting depth can also make
less amorphous structure be transformed and less defects and gaps will be produced to
balance the grinding temperature in a short time.

4.4 Generation of subsurface damage
SSD can have a great impact on the serviceability of machined workpieces, the most
significant of which are the fracture strength and fatigue strength of the workpieces.
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Therefore, it is crucial to study the influence of different grinding process parameters on the
SSD layer. As shown in Figure 9, the distance between the newly generated amorphous
structure (the newly generated gray area) and the lowermost part of the abrasive grain is the
thickness of the SSD layer.

The SSD thickness is positively correlated with the cutting depth because more material
removal induces larger force and temperature which cause greater stress and thermal effect
zone. In Figure 11a, when the cutting depth increases from 0.9 to 1.8 and 2.7 nm, the SSD
thickness enlarges from 5.683 to 7.458 and 8.783 nm, respectively. By horizontal comparison
from Figure 9a–e, the SSD thickness decreases by 47.8% with increasing grinding speed
when the cutting depth remains at 0.9 nm. This is because the faster the grinding speed, the
shorter the contact time between the workpiece surface workpiece and the grit, and therefore
the less damage to the subsurface. The reduction about 31.2% and 39.4% of SSD thickness is
also discovered when the grinding speed increase from 12.58 to 62.92 m/s at cutting depth of
1.8 and 2.7 nm, respectively.
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Moreover, it can also be concluded that at lower cutting (0.9 nm), the SSD layer thickness only
appears in the grain, while the grain boundaries are not affected, but at higher cutting depth
(1.8 nm and 2.7 nm), the SSD layer will connect with the old grain boundaries, resulting in a
deeper SSD layer thickness (see Figure 12).

In order to determine the thickness of the SSD layer in the practical grinding process, and
then compared with the thickness of the SSD layer in the MD simulation for analysis, the
grinding experiments are performed and the SSD layer of ground specimens are detected by
the scanning electron microscope. The SEM images of SSD layer with various grinding
speeds are shown in Figure 13. By observing each individual image, it can be found that the
tissue structures in the damaged layer are affected significantly by the atoms arrangements
and transformation from BCC structure to other structures (as shown by the inclined yellow
arrows), while the tissue structures of the unaffected part still shows a natural state. The
contact time between the grit and workpiece surface are shortened due to the increase of
grinding speed, and thus, less atoms are deformed. The thickness of the SSD layer decreased
from 3.629 μm to 2.5 μmwhen the grinding speed changes from 6.28 m/s to 18.84 m/s and the
cutting depth keeps constant, which is improved by 31.1%.

With the increase of cutting depth, the thickness of SSD layer shows an increasing trend in
Figure 11, which is consistent with the results in the MD simulation as well. The tissue
structures in the damaged layer are also inclined with the grinding direction. The higher
grinding temperature induced by the increase of cutting depth will damages the crystal
structure around the grit, and therefore, the thickness of SSD layer is enlarged. When the
grinding speed keeps constant and the cutting depth changes from 2 μm to 10 μm, the
thickness of the SSD layer increased sharply from 1.032 μm to 6.484 μm, which deteriorates
significantly by around 5 times.

The thickness of the SSD layer is directly related to the grinding speed and cutting depth.
Both MD simulation and experimental results reveal that the effect of grinding depth on the

(a) (b) (c)

Figure 12.
SEM images of
grinding subsurface
damage layer
thickness at (a)
vs 5 25.17 m/s,
ap 5 6 μm, (b)
vs 5 37.75 m/s,
ap 5 6 μm and (c)
vs 5 50.33 m/
s, ap 5 6 μm

Figure 13.
SEM images of
grinding subsurface
damage layer
thickness at depth of
cut of (a) 2, (b) 6 and
(c) 10 μm
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evolution of SSD layer thickness is greater than that of grinding speed. Compared with
macroscopic grinding simulation, which analyzes the damage layer of materials by grinding
force, heat and elastic-plastic deformation, MD simulation studies the changes in the internal
microstructure of materials from a more microscopic perspective, i.e. atomic removal, crystal
structure transformation, dislocation evolution, etc. Although it is difficult to match the
numerical results of theMD simulation exactly with the experimental results, it can provide a
theoretical basis for the macroscopic grinding process.

5. Conclusion
In this study, the crystal structure, dislocation evolution, grinding force, grinding
temperature and SSD in the grinding of Fe-Ni alloy are analyzed by MD simulation and
experiments. The conclusions can be drawn as follows:

(1) When CBN grit goes through one of the grains, the arrangement of atoms within the
grain will be disordered, but other grains will not be easily deformed due to the
protection of the grain boundaries. This is because there are a lot of dislocations and
gaps in the grain boundaries and the grain boundaries can store great deformation
energy.

(2) Higher grinding speed and larger cutting depth can cause greater impact of grit on
the atoms, and more BCC structures will be destroyed. Most BCC structures will
transform into the amorphous structures and the other will transform to the FCC and
HCP structures under the effects of excessive grinding force and temperature.

(3) The dislocationswill appear in grain boundaries due to the rearrangement of atoms in
grinding. The higher the grinding speed, the smaller the average dislocation length
will be produced because the time of atoms to regenerate dislocations is shortened. On
the other hand, larger cutting depth can cause greater force and temperature to make
atoms move faster, so that the average dislocation length will be enlarged.

(4) The increase of grinding speed results in the more transformation from BCC to
amorphous structures. Thus, more gaps are produced among the atoms and then the
grinding force decreases. The enlargement of the cutting depth causes the more
atoms being contacted by the grit, and themore interatomic energy needs to consume,
which results in the rise of grinding temperature.

(5) The thickness of SSD layer is positively correlated with the cutting depth because
more material removal produces larger force and temperature, which causes greater
stress and thermal effect zone. The shorter contact time between the grit and
workpiece surface induced by the increase of grinding speed prevent more
deformation of atoms, and therefore, the thickness of SSD layer becomes smaller.
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