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Abstract

Three-dimensional Molecular Dynamics simulations have been performed to
investigate the effects of fractal roughness on nanoscale grinding. The first part of
this investigation focuses on the effects of the workpiece rough top surface on the
grinding process characteristics, with special emphasis placed on the friction
coefficient, the grinding forces and the subsurface temperature. The second part
focuses on the alternation of the aforementioned parameters due to the rough abrasive
contact surface. Rough surface profiles have been generated using the multivariate
Weierstrass-Mandelbrot function while the abrasive has been modelled as a
trapezoid. The irregular surface topography has been controlled by tuning the value
of the fractal dimension Ds. The aforementioned experiments have been repeated for
various values of the cutting depth. Our results indicate that the grinding process
parameters are mainly dependent on the cutting depth as well as the abrasive lower
surface profile, which also defines the interface contact area between the workpiece

and the abrasive, rather than the topography of the workpiece top surface.
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1 Introduction

The continuous growth of the Microelectromechanical Systems (MEMS) production as well as
their application range has been the spark for the development of nanomachining technologies. The
core goal of those technologies is the fabrication of high quality and ultra-precision miniaturised
devices. During the last decades in-depth research has been conducted to allow for the enhancement of
the current material removal processes. However, it has been pointed out that experimental
investigations of nanomachining processes are limited by the accuracy and resolution of the actuation
and sensor systems mounted on the machine tools [1]. In order to overcome these limitations a wide
variety of computational and simulation models has been developed to shed light in the mechanics of

abrasive processes [2]. Two of the most important methods employed for the investigation of the
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material removal processes’ mechanics and thermodynamics are Kinematic Models and Finite Element
Analysis (FEA). Since the 1980°s the increasing computing power allowed for the development of
Kinematic-Geometrical Models which enhanced our understanding of the process mechanics and
contributed towards the optimisation of the process [3]. Although Kinematic Models can be used for
the estimation of the physical process characteristics such as the forces and temperature, FEA is highly
favourable for this purpose. FEA has been widely implemented for investigating the grinding process
characteristics both in microscale [4] and in macroscale [5]. Despite their wide applicability and their
successful implementation in a number of cases the aforementioned methods suffer in terms of accuracy
when approaching micro- and nanoscale. This is because in such small scales the surface-area-to-

volume ratio obtains larger values and surface phenomena become increasingly dominant [6].

This issue can be addressed with the help of the Molecular Dynamics (MD) simulation
technique which uses atomistic models and can provide intellectual transparency and a deep insight into
the phenomena taking place in nanoscale compared to methods such as Kinematic Models and FEA.
As expected though, the added resolution of MD is offset by additional CPU demand. MD simulations
have been extensively employed for simulating nanocutting processes as they can accurately and
consistently describe the mechanical and thermal properties of the materials under investigation and the
physics of the processes. The first MD simulations on material removal have been conducted by
Landman et al. [7]. Since then, many researchers have used MD for developing qualitative and
quantitative understanding of abrasive processes over a wide range of material combinations and
process parameters. One of the examined topics using MD has been the investigation of the effect of
the tool geometry on the grinding mechanics. Komanduri et al. [8] performed 2-dimensional MD
simulations and modelled the abrasive as an edge with a radius r and a clearance angle. They proposed
that the cutting force increases while the specific energy decreases with increasing depth of cut d,
independently of the d/r ratio for a specific range of d/r ratios (0.1-0.3). The effect of the tool
geometry on the chip formation and cutting forces has been investigated by Pei et al. [9]. They suggested
that the chip thickness becomes smaller while the cutting force obtains higher values as the tool rake
angle increases from -45° to 45°. Moreover, the authors compared the results obtained by using the
Morse [10] and Embedded Atom Method (EAM) [11] potentials respectively. They concluded that the
Morse potential leads to overestimation of the cutting forces and therefore suggested that the EAM
potential should be employed for nanocutting MD simulations. The Face Centred Cubic (FCC) crystal
orientation effects on cutting forces, dislocation movement and material deformation have been studied
in [12] for three different crystal setups: (a) (00 1) [110],(b) (001)[100] and (¢) (111)[211].
It was found that, for the aforementioned crystal orientations, dislocations propagate at 0°, 45° and 60°
respectively. Moreover, the lowest cutting forces were observed in case (a), while the highest cutting
forces in case (c). The investigation of subsurface damage by means of MD simulation in grinding has

recently come into the spotlight. Li et al. [13] simulated the grinding process of a monocrystalline



silicon workpiece and identified that, as the abrasive advances, there is a phase transformation of the
silicon structure from stable diamond cubic (alpha-silicon) to body centred tetragonal (beta-silicon).
Moreover, their results showed that there is a dependence between the subsurface damage (SSD) and
the grinding velocity, with higher cutting velocity inducing larger chip volume and consequently lower

SSD thickness.

Despite of the numerous MD studies on grinding processes, the effects of surface roughness on
the process mechanics is a topic that has not been thoroughly investigated. Li et al. [14] performed MD
simulations to shed light on the effects of a copper workpiece surface roughness on the nanocutting
process characteristics. In order to describe surface roughness they used orthogonal asperities. Their

results indicated that the cutting forces as well as the friction coefficient are dependent on the texture

. R . . . . . .
density p = R—x, where R is the width of a single asperity and R, the distance separating two subsequent
0

asperities. Their results indicated that both cutting forces and friction coefficient present an increasing
trend with increasing texture density. Moreover, the effect of a nanostructured abrasive with rectangular
grooves on the induced stresses, phase transformation, cutting temperature, friction coefficient and
cutting forces has been studied by Dai et al. [15]. Periodical protrusions have been broadly used in MD
simulations for representing rough surface topographies [16,17]. However, scientific reports have
demonstrated that many surface types, including diamond, follow a self-affine pattern in reality, i.e.
they present similar features over a range of scales [18,19]. Moreover, it has been reported that at the
nanoscale the surface of most materials are fractals with a fractal dimension within the range 2 < D¢ <
3 [20]. Therefore, more recent studies have employed fractal theory, instead of Euclidean geometry, to
accurately represent irregular surfaces both in 2 [21] and 3 dimensions [22,23]. However, up to now,

there have been no MD investigations using fractal theory for modelling abrasive processes.

In this study, we have employed the Molecular Dynamics simulation method to investigate the
effects of both workpiece and abrasive surface roughness in nanocutting. We have used the multivariate
Weierstrass-Mandelbrot function [24] to generate stochastically rough surface profiles with varying
complexity by controlling the value of the fractal dimension Dy. Our results indicate that surfaces with
more irregular interface contribute towards the increase of the cutting forces, the friction coefficient as
well as the temperature in the vicinity of the abrasive. Moreover, the workpiece top surface morphology
does not affect significantly the grinding process characteristics. The cutting forces along with the
subsurface temperature and the friction coefficient increase with the cutting depth. Based on our
analysis, it is strongly recommended that abrasive materials with low fractal dimension values are being
used in order to reduce the cutting forces and subsequently the subsurface temperature and damage.
Another solution could be controlling the abrasive surface roughness through recently developed nano-

patterning techniques [25].



2 Simulation Method

Our MD model consists of a trapezoidal diamond abrasive and a copper workpiece. This
combination of materials has been extensively used across the literature and the interaction potentials
have been well established [9,14]. The dimensions of the abrasive and the workpiece are listed in Table
1Error! Reference source not found.. The workpiece and abrasive atoms are placed on the sites of a
Face Centred Cubic (FCC) lattice (lattice constant equal to 3.597 A) and a diamond lattice (lattice
constant equal to 3.57 A) respectively. There are 3 atom types contained in the simulation domain: (a)
Newtonian atoms which move according to the second Newton’s law, (b) thermostat atoms on which
Langevin thermostats, each one composed of 5 atom layers [26], are being applied to for maintaining a
constant temperature equal to 300 K across the simulation domain and (c) boundary atoms, as illustrated
in Figure 1. The workpiece boundary atoms are fixed to their initial positions while the abrasive
boundary atoms start moving with a constant velocity equal to 100 m/s, which falls into the high speed
grinding process specifications [27], after the equilibration phase has been completed. Grinding is
performed across the x-direction of the simulation box which corresponds to the [1 0 0] direction on

the(0 0 1) plane of the workpiece.

Figure 1: Simulation domain

There are 3 different interaction types across the simulation domain between the: (a) abrasive
diamond atoms (C-C), (b) workpiece copper atoms (Cu-Cu) and (c) abrasive and workpiece atoms (C-
Cu) which have been described by three different interaction potentials, similarly to [14]. The
interactions between the abrasive diamond atoms (C-C) have been described using the Tersoff potential

which can provide an accurate description of the structural properties of diamond [28]:
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where E is the total energy of the system of atoms, V;; the bond energy between atoms i and j, f, the

cutoff function, f, an attractive pair potential, fr a repulsive pair potential and b;; a monotonically

decreasing function of the coordination of atoms i and j.

Table 1: Characteristic dimensions

Workpiece Abrasive
Length (x-dimension) 790 A Upper Edge (x-dimension) 155 A
Height (y-dimension) 54 A Lower Edge (x-dimension) 86 A
Width (z-dimension) 124 A Height (y-dimension) 50 A
Width (z-dimension) 40 A

The interactions between the copper atoms of the workpiece have been described using the
EAM potential which is one of the most common, simple and accurate models of atomic bonding in

metals [11]:
N;

viAM = z v + f(pi) Eq. 2

j=1
where v;; is the interaction energy between atoms i and j, p; is the local electron density and f an

embedding function.

Finally, the interaction between the copper and diamond atoms of the workpiece and the
abrasive respectively, has been modelled with the Morse potential which has been effectively used in

the past for describing the interaction between copper and diamond atoms [29]:

E = DO [e—Za(r—rO) _ Ze—Za(r—rO)] Eq. 3
where E is the pair interaction energy Dy = 0.087 eV the cohesion energy, a = 5.14 elastic modulus
and 1, = 2.05 A the equilibrium distance [30].

The 3-dimensional rough surface profiles have been generated using the multivariate
Weierstrass-Mandelbrot function [31] which has been widely used for modelling the elastic contact

between 3-dimensional fractal surfaces [18]:
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This function embeds M surfaces; each one is a superposition of n,,,, different frequencies. Each
frequency on each surface, indexed by the integers n and m respectively, is offset by a random phase
@, - The value of y defines the frequency density and L, 4x is the size of the sample. The most typical
values of y are 1.5 and 5 according to the literature. In this study, we have used y = 1.5 which generates
a surface with moderate separation of roughness scales [24]. Ly is the cutoff length. The parameter
D, which is under investigation in this study, is the fractal dimension; an indication of the fractal’s
ability to fill up space. For a 3-dimensional fractal the values of the fractal dimension are in the range
of 2 < Dy < 3. G is a height scaling parameter, independent of the roughness frequency. Finally, C is
a scaling factor determining the average amplitude of the cosine waves. In theory, a perfect fractal
corresponds to an infinite number of frequencies, i.e. n,,,, — . However, an appropriate value can

be also selected by using:

log(Lmax/Lmin)l Eq 5

Noax = int[
logy

The effects of the aforementioned parameters on the final surface topography are well illustrated in

[31].

Dy = 3.0
Dy = 2.5
Dy = 2.0

Figure 2: Effect of fractal dimension on the workpiece surface topography

In this study, we have been constantly adjusting the value of G in order to maintain the average

amplitude of the waves C constant, as the fractal dimension obtained different values. A set of surfaces



generated using 3 different values of the fractal dimension for the workpiece and the abrasive is depicted
in Figure 2. It is apparent that higher values of the fractal dimension D correspond to increasingly

irregular topographies.

Initially, the simulation domain is equilibrated for 60,000 timesteps using the NVE ensemble,
until a constant temperature equal to 300 K and a constant pressure is achieved. The timestep has been
set equal to 0.001 ps. After the equilibration phase has been completed, a constant velocity equal to 100

m/s is imposed on the fixed boundary atoms of the abrasive along the x-direction of the simulation box.

As stated in the Introduction paragraph, fractals should be used instead of Euclidean geometry
to realistically describe natural surfaces. In this study, both the workpiece and abrasive roughness
effects on the grinding process have been studied. For both of the aforementioned cases, three different
values of the cutting depth, which has been measured from the roughness centreline of the workpiece
or the abrasive (Figure 3), have been used. Moreover, the maximum roughness amplitude is always

smaller than d/2, so as to ensure that there is perfect contact between the two bodies.

Figure 3: Depth of cut

3 Results and Discussion

The objectives of this investigation are the identification of the effects of the cutting depth and
the fractal roughness, being tuned using the fractal dimension, on the following grinding process
characteristics: (a) cutting forces, (b) friction coefficient and (c) subsurface temperature. For the
purpose of the current analysis we have considered both the effects of the abrasive and the workpiece
roughness. In the following paragraphs we will present the effects of the grinding surfaces’ irregularities
and the cutting depth on the process characteristics and try to shed light on the nanoscale phenomena

inducing the observed behaviour.

3.1 Surface roughness effects on the grinding process characteristics

3.1.1 Grinding forces
The total grinding force consists of 3 components, namely rubbing, ploughing and cutting [32].

Figure 4a shows the evolution of the grinding forces during a grinding simulation. It is evident that both



of the cutting forces (Fy and F;) gradually increase until they obtain a constant value. This occurs when

the abrasive has totally penetrated into the workpiece and consequently the maximum contact area
between the two rigid bodies has been achieved. It can be observed that, after the point in time when
steady state has been reached, there are some oscillations in the grinding forces. This is consistent with

previous MD [12] and FEM [4] simulations.
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Figure 4: Evolution of (a) cutting forces and (b) workpiece surface topography during grinding (Ds'workpiece = 3.0)

Figure 5 illustrates the effect of workpiece roughness on the grinding forces. It can be observed
that both the tangential and normal forces follow the exact same pattern, with the only difference that
E, > F,, and oscillate around constant values. It seems that their mean values are not dependent on the
workpiece surface irregularity. The large fluctuations of the grinding forces are associated with the
generation of dislocations according to Lin et al. [33]. Moreover, it is obvious that the normal forces
undergo more intense fluctuations in terms of magnitude compared to the tangential forces. This is
attributed to the higher magnitude of the normal forces compared to the magnitude of the tangential
ones. Previous investigations have shown that for higher values of the cutting depth the magnitude of
the tangential and normal forces and consequently the magnitude of their fluctuations are about equal

[34].
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Figure 5: (a) Tangential and (b) normal forces vs time as a function of the fractal dimension of the workpiece surface

In order to study the dependency of the mean values of the cutting forces on the fractal
dimension of the workpiece rough surface we performed 3 simulations for each value of the fractal
dimension Dy in favour of statistical accuracy, i.e. 9 simulations in total. For each value of the fractal
dimension we selected a different random phase matrix @, , (Eq. 4). The mean grinding forces were
estimated by averaging their values over the last 300,000 timesteps of each simulation. Figure 6 reveals
that the cutting forces are approximately insensitive to the fractal dimension of the rough workpiece
surface and they maintain a constant value. This is because the interface between the workpiece and the
abrasive is smooth in spite of the rough workpiece top surface. The average forces computed in this
study are generally larger compared to previous studies with the same material combination [12]. The
differences observed are due to the different (a) contact area between the workpiece and the abrasive,

(b) depth of cut, (c) cutting speed and (d) abrasive geometry.
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Figure 6: Mean tangential and normal forces vs fractal dimension of the workpiece surface



However, the situation changes completely when roughness is introduced in the abrasive lower
surface. Figure 7 illustrates the effects of the abrasive surface irregularities on the cutting forces. In
Figure 7a we can see that there is a significant increase in the tangential force F, for higher values of
Dg while the normal force F,, seems to be slightly increasing with the value of the fractal dimension

(Figure 7b).
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Figure 7: (a) Tangential and (b) normal forces vs time as a function of the fractal dimension of the abrasive surface

Similarly to the rough workpiece surface case, 9 simulations were performed in order to reduce
the statistical error by using different values of the random phase ®,, ,, of the W-M function. Our results
show that the tangential component of the mean grinding force is approximately linearly increasing
with the value of the fractal dimension (Figure 8). The increase of the tangential forces with the fractal
dimension is attributed to the stronger interlocking mechanism between the workpiece and abrasive
surface for more irregular abrasive surface topographies. A similar trend is observed in the mean value
of the normal force with the difference that the increase is smoother. This is because the number of

asperities increases for higher values of the fractal dimension.
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Figure 8: Mean tangential and normal forces vs fractal dimension of the abrasive surface
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3.1.2  Friction Coefficient

Similarly to the evolution of forces, the friction coefficient  obtains a constant value after the
abrasive has completely penetrated into the workpiece. However, as depicted in Figure 9, a different
trend is evident in this case; the friction coefficient decreases gradually until it reaches a constant value.
This trend is consistent with the FEA results of Mistakidis et al. [35]. They attributed this phenomenon
to the large resistance encountered in the first steps provided by the locking of the asperities. It can be
observed that when the interface area between the abrasive and the workpiece is small, during the initial
timesteps, the friction coefficient can obtain values even greater than 1.0, which is rare in macroscale.
However, as the interface area increases, F, increases correspondingly, leading to a reduction in the
friction coefficient. At this point, it has to be noted that the average friction coefficient is dependent on
the abrasive geometry and it is possible that its mean value can become higher than 1.0, especially when

the interface area is small compared to the cutting depth [14].
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Figure 9: Evolution of the friction coefficient (DS'Workpiece = 3.0)

Following the procedure described in the previous paragraph we evaluated the mean value of

the friction coefficient for the rough workpiece and abrasive cases. The average friction coefficient was

calculated as the average of the fraction of the tangential to the average normal force (n = (i—x)) over
y

the last 300,000 timesteps of each simulation. As expected, the friction coefficient in the rough
workpiece case was found to be insensitive to the workpiece surface irregularity (Figure 10). This
behaviour is attributed to the smooth interface between the workpiece and the abrasive and is in
agreement with the experimental work of Menezes et al. [36]. On the contrary, the friction coefficient
depends on the irregularity of the abrasive surface and increases with its fractal dimension. For an
almost perfect fractal (Dg = 3) the friction coefficient becomes about equal to the corresponding value
(= 0.75) in the rough workpiece case, where the interaction surface between the abrasive and the

workpiece is macroscopically smooth. This is of particular interest if we consider that an atomically
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smooth surface actually consists of atoms placed on discrete lattice positions and corresponds to a fractal
surface profile with a small value of the scaling constant C and D; = 3 [37]. In the case of a completely
smooth interface both the tangential and normal force obtain their minimum values as there is
approximately no interlocking and the contact area is the lowest possible correspondingly. The increase
of the friction coefficient with increasing fractal dimension of the interface is consistent with the results
of the FEM model presented by Panagouli et al [38] and is attributed to the stronger interlocking
mechanism between the two surfaces for higher values of the fractal dimension. More specifically, the
increased number of asperities associated with higher values of the fractal dimension leads to higher

contact area between the two solids.
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Figure 10: Mean friction coefficient for the rough workpiece and abrasive cases vs fractal dimension for the rough

workpiece and abrasive cases

3.1.3 Temperature

In contrast to the evolution of the cutting forces and the friction coefficient, the simulation box
temperature approaches asymptotically a constant temperature (Figure 1la & b). This is because
additional time is needed for the Langevin thermostats to subtract the induced heat from the simulation
box. In contrast to the rough workpiece surface case (Figure 11a), we can observe that there is an
increase in the simulation box temperature with the abrasive surface fractal dimension (Figure 11b).

This result is in agreement with the observations of Dai et al. [15].

It is of particular interest to examine the workpiece temperature in the vicinity of the abrasive
grain. In order to calculate the temperature in this area we defined a spherical region with a radius equal
to 10 A and its centre positioned at the centre of mass of the abrasive. This region was set up as a
moving region in order to follow the abrasive trajectory while the workpiece atoms lying within the
region were updated every 1 timestep. The temperature of the workpiece atoms surrounded by this

region was calculated according to:

12
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where, KE = Z?ﬂzmiviz, is the total kinetic energy of the group of atoms, m; the mass of the atom

i, v; the z-component of the velocity, ky the Boltzmann constant and N the total number of workpiece
atoms contained by this region. To obtain an accurate measurement of the temperature we used only
the z-component of the velocity (dim = 1) as the other 2 components are associated with the kinetic
energy induced by the movement of the abrasive (x-direction) and the chip formation (y-direction). For
the estimation of the temperature at this region we performed time-averaging over a window of 2,000
timesteps. The temperature in this region reaches an equilibrium state much faster than the temperature
in the entire simulation box because the atoms lying in this region are constantly being updated (Figure
11c & d). Moreover, the temperature in the vicinity of the abrasive is about 100 K higher compared to
the temperature of the simulation box. This is because the moving interface between the two solids acts
like a heat source; consequently, the atoms lying closer to this heat source have higher temperature
compared to the rest of the atoms. The trends of these graphs are consistent with the ones followed by

Figure 11a & b.

(a) (b)

390 T 390

s
3 4 5

w
o b
[N

1 2 3 4

Timestep <10° Timestep %107
() (d)
550 550
500 500 -
450 - 450
400 400 -
350 350 -
g 300 g 300
~ 250 ~ 250
200 - 200 -
150 E T
100 |—nb,=20 100 —D,=20
o v so o
% 1 2 3 4 5 % i 2 s g 5
Timestep x10° Timestep x10°

Figure 11: Temperature of the simulation box (a & b) and the vicinity of the abrasive (c & d) for the rough workpiece (a &

¢) and rough abrasive (b & d) cases vs time as a function of the fractal dimension of the abrasive surface.
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The statistically averaged temperature in the vicinity of the abrasive for rough workpiece and
abrasive surfaces is illustrated in Figure 12. Although the average temperature is independent of the
fractal dimension in the rough workpiece surface case, it increases approximately linearly with

increasing fractal dimension of the abrasive surface.
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Figure 12: Average temperature for the rough workpiece and rough abrasive cases vs fractal dimension

Moreover, in Figure 12 we can observe that, when the interface between the workpiece and the
abrasive is irregular, the subsurface temperature is always higher compared to the smooth interface
case. This observation can be associated with the higher cutting forces observed when the abrasive-
workpiece interface is irregular (Figure 8) compared to the forces in the smooth interface case (Figure
6). As a matter of fact, higher cutting forces result in higher work and consequently higher heat
dissipation across the simulation domain. This phenomenon is clearly illustrated in the 3-dimensional
temperature profiles of Figure 13 which correspond to a cross section at z = w/2, where w is the width
of the workpiece; the abrasive atoms have been hidden in favour of clarity. The temperature of each
workpiece atom has been calculated based on the z-component of the atoms’ velocities using Eq. 6,
while its value has been averaged over a time window of 2,000 timesteps. The dark-coloured atoms at
the bottom of each picture correspond to the boundary atoms, as illustrated in Figure 1, and hence, their
temperature is equal to 0 K. Both of the temperature profiles of Figure 13 correspond to an identical
timestep (t = 420,000). It is apparent that, when the interface surface is rough (Figure 13b), the
temperature of the workpiece atoms is higher in the vicinity of the abrasive compared to the smooth

interface case (Figure 13a). This is more apparent in the region underneath the abrasive location.
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(a)

(b)

Figure 13: Temperature profile of the workpiece atoms for (a) rough workpiece and (b) rough abrasive simulation cases.

3.2 Cutting depth effects on the grinding process characteristics

In this section, the effect of cutting depth on the aforementioned process characteristics, namely
grinding forces, friction coefficient and subsurface temperature, will be presented. Similarly to the
previous sections, each data point corresponds to the average of 3 simulations with varying random
phase of the rough profiles, while 3 different values of the depth of cut (dc) have been used based on
the constraints imposed by the thickness of the workpiece: (a) d.=3 nm, (b) d.=3.5 nm, and (¢) d:=4 nm.
When the workpiece surface is rough, the grinding forces are almost invariant to the fractal dimension
but their magnitude increases for higher depth of cut (Figure 14). This is in agreement to previous
studies [8].

(a) (b)

Figure 14: Mean values of the (a) tangential and (b) normal forces for the rough workpiece case
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As illustrated in Figure 15, when the abrasive surface is irregular both the tangential and normal
forces present an increasing trend with the depth of cut and the values of the fractal dimension. At this
point, it has to be highlighted that as the depth of cut increases, the increase of the normal force becomes
in general steeper. This is attributed to the further compression of the two solids which in combination
with the increasingly irregular interface leads to larger effective contact area. As pointed out in
Paragraph 3.1.1, normal forces exhibit larger fluctuations compared to the tangential forces due to their
higher magnitude. As a result, the corresponding error bars (Figure 14b & Figure 15b) are wider
compared to the errorbars of the tangential forces (Figure 14a & Figure 15a).

(a) (b)

Figure 15: Mean values of the (a) tangential and (b) normal forces for the rough abrasive case

As expected, the friction coefficient is invariant to the value of the fractal dimension in the
rough workpiece case (Figure 16a). Moreover, the friction coefficient increases with higher values of
the depth of cut. This is in agreement with the results of Durgumahanti et al. [39] who performed single-
grit grinding experiments to develop a model for the estimation of the grinding forces. As illustrated in
Figure 16b, when the abrasive surface is rough, the friction coefficient increases with the fractal
dimension as well as the depth of cut. However, it is evident that for very irregular interfaces (Ds—3)
the effect of the fractal dimension becomes less significant. This is because higher values of the cutting
depth increase the normal loading which is responsible for flattening the small scale irregularities
associated with higher values of the fractal dimension [38]. Despite the wide errorbars in Figure 16,
which are due to the fluctuation of the cutting forces as stated in the previous paragraph, the trends of
the friction coefficient as a function of the fractal dimension and the cutting depth remain clear.

(a) (b)

Figure 16: Mean friction coefficient vs fractal dimension for various cutting depth values: (a) rough workpiece surface, (b)

rough abrasive surface
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Similarly to the friction coefficient, the workpiece temperature in the vicinity of the abrasive
increases for higher values of the depth of cut for both the rough workpiece and rough abrasive cases,
as illustrated in Figure 17. This is due to the larger contact area induced between the two solids. It can
be observed that the increase of the subsurface temperature in the vicinity of the tool with the depth of
cut is not linear but becomes weaker for higher values of the depth of cut. This is because as the depth
of cut increases, the tool and consequently the moving region used for averaging approach the Langevin
thermostat applied to the outmost layers of the workpiece; thus, the heat removal rate increases. This
phenomenon becomes less distinct when the interface between the tool and the workpiece is rough due
to the higher interlocking mechanism induced. The workpiece temperature is not affected by the
workpiece fractal dimension but increases almost linearly with the fractal dimension of the abrasive
surface. This is because in the first case (rough workpiece) the interface between the two solids is
smooth, while in the second (rough abrasive) it is rough. As discussed in the previous subsection, rough
interfaces contribute towards higher heat dissipation and consequently higher subsurface temperature.

(a) (b)

Figure 17: Mean friction coefficient vs fractal dimension for various cutting depth values: (a) rough workpiece surface, (b)

rough abrasive surface
4  Conclusions and Future Work

In this investigation we have performed Molecular Dynamics simulations of grinding processes
in order to investigate the surface roughness effects on the grinding mechanics. Surface roughness was
modelled using the multivariate Weierstrass-Mandelbrot function and the surface irregularity was tuned
by alternating the value of the fractal dimension D;. The process parameters investigated were: (a)
cutting forces, (b) friction coefficient and (¢) workpiece temperature. We have studied the effects of the
cutting depth in association with the workpiece top surface roughness and the abrasive lower surface
roughness on the aforementioned process characteristics. Our results indicate that the grinding
mechanics are sensitive to the cutting depth as well as the abrasive roughness topography, which also
defines the interface between the two solids. On the contrary, the workpiece top surface does not affect

the mechanics of the system. More analytically, the main conclusions drawn from this research are:

1. The topography of the upper workpiece surface does not significantly affect the grinding

mechanics. The time-averaged values of the cutting forces, friction coefficient and workpiece
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temperature are independent of the workpiece top surface irregularities. This result is in agreement
with previous experimental studies [36]. On the contrary, the topography of the abrasive lower
surface significantly affects the grinding mechanics. This is attributed to the alternation of the
workpiece-abrasive interface structure with the fractal dimension.

The cutting forces, friction coefficient and workpiece temperature increase with the depth of cut for
both rough and smooth interface conditions. For higher values of the depth of cut the effect of the
fractal dimension on the friction coefficient becomes less dominant due to the flattening of the small
scale irregularities associated with higher values of the fractal dimension.

The rough interface between the workpiece and the abrasive leads to higher cutting forces, both
normal and tangential, and consequently higher heat dissipation and subsurface temperature.
Moreover, temperature profiles indicate that the hot spot areas are located at the chip and the
interface regions.

Increased cutting forces associated with high values of the fractal dimension reduce the energy
efficiency of the grinding process. Therefore, it is of high importance that the surface of the abrasive
grains has the lowest possible fractal dimension Dg. This outcome points to the use of abrasive
grains consisted of materials with diamond-like properties and surfaces characterised by low values
of their fractal dimension or the implementation of nano-patterning techniques [25] for controlling

the abrasive surface irregularity.
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