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Studying the specific energy during material removal mechanism at micro-scale provides a
better understanding of energy transition between different material removal regimes.
Modeling of specific energy into components of sliding, plowing and cutting helps to
analyze the influence of grain properties process parameters, and mechanical properties
on energy transition between different phases of material removal. Present research put
forth the comprehensive model of specific energy consumption for abrasive cut off oper-
ating based on the individual models of primary and secondary rubbing energies, specific
plowing energy and specific cutting energy. Materials of SS201, Inconel 718, Al 1100, Al 7075
and oxygen free copper (OFC— C10100) have been employed while cutting with semi super
abrasive cubitron cut off wheel. Model validation on experimental data revealed that
triangular shape of cubitron grits significantly influenced the plowing energy and played an
important role in energy transition between different material removal regimes. Moreover,
cutting conditions and material properties also affected the overall specific energy con-
sumption, dominance of particular specific energy components and machinability of the
materials.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

understand the mechanics of the grinding process [2]. The
material removal mechanism in grinding on microscale was
first analyzed by Hahn, who proposed the three material

Grinding being a multi-point cutting operation consumes high
specific energy in comparison to machining, due to rubbing,
and plowing of irregular shaped abrasive grits [1]. Studying the
material removal mechanism of grinding helps to better
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removal regimes as rubbing, plowing, and cutting [3]. Rubbing
or sliding is the first stage of grain interaction with the work
piece; elastic deformation takes place in this phase with a
negligible amount of material removal [4]. After sliding,
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further increase of force, grain penetration into the work piece
is increased leading to plowing phase, both elastic and plastic
deformation takes place in this phase [5]. With further in-
crease of shearing stress, tearing of the material in the form of
chips takes place, known as the cutting phase [6].

Recent studies on abrasive grit work piece interaction
divide the sliding energy into primary and secondary rubbing
energies. Manoj et al. [7] and Singh et al. [8] conducted abra-
sive grit tests to analyze the sliding and plowing energies.
They demonstrated two kinds of rubbing energies during
grain contact with the work piece, primary and secondary
rubbing energies. Primary rubbing energy is due to the grit
sliding over the work piece without penetration, which is
caused by the bluntness of the abrasive grit, and this energy
dissipation does not participate in the material removal pro-
cess. While secondary rubbing energy is caused by the rubbing
action between abrasive grits and work piece along the cutting
edge over the whole cutting path [9]. The highly negative angle
of abrasive grit is mostly responsible for secondary rubbing
energy [10]. The highly negative rake angle of abrasive grits
displaces material, leading to the plowing phase [11,12].
Plowing energy is influenced by the grit shape, size, orienta-
tion, and other parameters like depth of cut feed rate, and
wheel speed [8]. Vathaire et al. [13] employed an upper bound
model to study the surface plowing phenomenon by using a
pyramidal indentor. Ghosh et al. [14] and Singh et al. [15]
suggested that effective negative rake angles on the leading
face of grain significantly increase the plowing energy in sin-
gle grit grinding and indentation tests. In another study, Singh
et al. [9] formulated a specific plowing energy model in terms
of scratch hardness and the ratio of pile-up height to the grit
penetration depth, both of them are the functions of grinding
process parameters. Moreover, specific plowing energy was
more prominent at the low depth of cut for composite ce-
ramics. The pile-up ratio is another measure to understand
material displacement during the plowing phase [16]. Manoj
et al. [17] analyzed the specific plowing energy in single grit
tests and determined that a higher pileup ratio at lower feed
rates presents a more plowing phenomenon, which is the
reason for the size effect. So, high sliding and plowing energy
at lower feed rates are the reason for the higher specific en-
ergy of grinding. Matsu et al. [18] used CBN and diamond grits
for single grit scratch tests to measure pile-up material under
different testing conditions. With the increase of grain depth,
effective negative rake angle reduces, which reduces the
plowing energy. So, high sliding and plowing energy at lower
feed rates are the reason for the higher specific energy of
grinding [2]. As the grit further penetrates, the plowed mate-
rial is not able to withstand shearing stress, and the material
is removed in the form of chips, leading to the cutting phase
[19]. Malkin opined that specific chip formation energy is the
minimum energy required to produce chips, has a constant
value, and is equal to the adiabatic melting energy of the work
piece, however melting does not occur in grinding [20,21].

Owing to the large specific energies in grinding, more
energy-efficient grinding processes with large material
removal rates have been developed. HEDG offers high material
removal rate at low specific energy [22]. In HEDG, stock
removal is achieved at a high down feed rate (0.25—5 mm/s)
combined with high grinding velocities [23]. The modeling of

specific energy consumption for HEDG has been extensively
discussed [24,25]. Ghosh et al. [14] Identified main energy
consumers in high efficiency deep grinding as primary rub-
bing energy, secondary rubbing energy, specific plowing en-
ergy, and specific cutting energy. Similar to HEDGE, in terms of
high down feed rates and cutting velocities, abrasive cut off
operation is another bulk material removal process [26].

In comparison to detailed studies on specific energy char-
acterization, modeling, and analysis of surface grinding
[8,27—31], a few attempts have been made to evaluate and
characterize specific energy of abrasive cut off operation into
sliding, plowing, and cutting [32]. However, the comprehen-
sive models of sliding, plowing, and specific cutting energy,
their relationship, and sensitivity with process parameters for
abrasive cut off operation have not been evaluated yet. The
present study is an attempt to bring forward comprehensive
models of specific energy components of metal cutting with
thin cubitron discs. In model development, grit shape has
been taken into consideration which answered the sensitivity
of specific energy components in relation to material removal
rate. Superalloy, ferrous and non ferrous metals have been
studied in this research. The experiments have been con-
ducted using cubitron wheels due to high hardness, thermal
resistance, efficient and fast cutting ability [5,33,34].

2. Models of specific energy

The model is developed based on specific energy con-
sumption (SEC) of a thin cut off wheel. This model in-
corporates the sliding, plowing, and cutting mechanisms
and obtains an expression of the SEC associated with each
of these mechanisms. The model is understood as the su-
perposition of the mechanical power consumed by each of
the aforementioned mechanisms. The constants of the
model are obtained by a least-squares regression of the
experimentally measured SEC. The model is the result of
experimental constants and expressions that respond to the
physics of the three mechanisms associated with disc cut-
ting. The specific energy consumed is the mechanical power
required to remove a unit volume of material, and is defined
as the ratio between mechanical power consumed and
material removal rate [2].

P

SEC=4" 1)

In turn, the material removal rate is defined as the product
of the cut-off wheel feed rate Vy multiplied by the cutting
section perpendicular to the feed rate vector. The cross-
section is defined by the product of the cutting thickness of
the cut-off wheel e; and the thickness of the cutting material
em as shown in Fig. 2.

Qu = Viesem )
2.1. Plowing energy model
The assumption that the entire volume traversed by the

abrasive grain is removed by the abrasive wear mechanism is
not correct [35]. In ductile metals, part of the material
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Fig. 1 — Abrasion and build up on ductile material.

accumulates at the edges of the groove defined by the abra-
sive, as shown in Fig. 1

The f,, factor is introduced to define the ratio between the
volume of material removed from the surface and the volume
of the groove formed by the movement of the abrasive.

(A1 4+ Ag)

v ©
where (A; + A)) is the cross-sectional area of material accu-
mulated around the edges of the groove, A is the cross-
sectional area of material defined by the movement of the
abrasive, f,), is a dimensionless parameter defined in the range
(0—1) [36]. If fap is equal to zero, all the material in the groove
formed by the movement of the abrasive grain is stacked. In
this case, there is no chip formation. If f, is equal to 1, all the
material in the groove formed by the movement of the abra-
sive grain is removed from the work piece, which would be the
case of an ideal cutting. The rate of material removed per grit
Qg is defined as

fub:]-_

Qy =fab x Ac x V¢ 4)
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Fig. 2 — Macroscopic material removal rate.

where V. is the cutting speed defined by the peripheral speed
of the disc. A is a function of the square of the depth of cut e, of
a pyramidal grit multiplied by a constant C; which depends on
the angle defining the pyramid. The rate of material removed
by all the grits is a function of the grit number N and the
equivalent depth of cut e, among other parameters and con-
stants [5]. The rate of material removed by a cut-off wheel
during the plowing can be defined as.

Qi =N-fa€’C1-V, (%)

At the macroscopic level, the volume of material removed
can be estimated from a differential volume associated with
the cavity generated per disc as shown in Fig(2). In Fig. 2a, the
rate of material removed can be defined from Eq. (2) or as the
product of the shear velocity V. by the section perpendicular
to the vector V. as shown in Fig. 2b. This ratio of volume
removed allows estimation of the equivalent depth of cut e.

43

—_J 6
e=y.en (6)
The Specific Energy Consumed with plowing is defined as
Cul
SECn= 77 (7)
where C, is a constant function of the number of active grit,
the shape of the grit, fo factor, and the power of plowing Py;.
Replacing (6) in (7) and assuming that the rate of material
removal as defined in Eq. (2)

Cpl\/ced2
Qi

SEC, = ®)

2.2. Primary rubbing energy

The primary rubbing energy is the phenomena of rubbing of
grit tip against the work piece surface without penetration
[36]. Vijayender defined the primary friction energy as the
energy dissipated by the grit contact with the material surface
without penetration [8]. The grit shape has an edge radius that
rubs against the material surface due to the structural rigidity
of the machine, producing a primary frictional force.

The Specific Energy Consumed with primary rubbing is
defined as

Cprvc
Qu
where Cp, is the coefficient of primary rubbing energy. This

constant is a function of the friction force, the number of
active cutting grits, and the power of primary rubbing P,,.

SEC,, =

©)

2.3. Secondary rubbing energy

Secondary rubbing occurs between the cutting edge and the
work piece mainly due to high (negative) grit angles of the
abrasive grits [8]. Secondary friction occurs mainly along the
entire length of the scratch, produced by the abrasive grit
along with the area BOC as shown in Fig. 2. As the plowed
material is not so stiff, the friction between the surfaces AB
and CD is assumed to be negligible. Specific Energy Consumed
with secondary rubbing is defined as
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csr i Vc
Qu
where C, is a constant resulting from the product of the average

value of the tangential shear force for a grain by the number of
active grit rubbing against the surface of the material.

SECs =

(10)

2.4. Specific cutting energy

The chip formation timescale as stated above indirectly sup-
ports the Malkin hypothesis [2]. Malkin's hypothesis defines
the specific shear energy as a material property, where the
SCE does not depend on the cutting conditions of the process
and therefore both can be assumed as a constant in this
model. The time scale hypothesis suggests that the chip for-
mation phenomenon is very fast, so that the entire SCE is
associated with the sublimation energy of the material and
therefore depends mainly on the material. The behavior of
SCE as a function of shear conditions could be a future work
direction.
Pc

SCE= oM (11)

where P, is the power of chip formation.

2.5. Energy conservation in cutting through the abrasive
disc

Applying the principle of energy conservation, the energy
consumed per unit time during the metal cutting with abra-
sive discs is the sum of the energies consumed by each of the
above-mentioned mechanisms, sliding, plowing, and chip
formation.

SEC = SECy) + SEC,, + SECs, + SCE (12)

Replacing (8), (9), (10), and (11) in (12) gives the energy
conservation model for cutting with abrasive discs.
P7M o CPVCedZ Cslvc
Qu  Q} Qu

where. Cq = Cpr + Cyr

The model constants, right-hand side of Eq. (13) shown in
Table 1, are obtained by performing a least-squares regression
of metal cutting experiments through thin abrasive discs.

+SCE (13)

3. Experimental validation

The specific energy consumption is the defined as the quo-
tient of cutting power and material removal rate as defined in
Eq. (2). To measure both of these parameters, experiments

Table 1 — Coefficients of Model and materials hardness.

Material G Ca SCE R? Hardness
(Brinell)

Al 7075 7.5E-18 0.0011 17.38 0.970 150

Al 1100 7.5E-03 0.0016 18.59 0.952 32

OFC-C10100 6.4E-18 0.0076 8.67 0.969 95

Inconel-718 3.4E-19 0.0025 22.92 0.998 340

SS201 1.5E-03 0.0009 20.82 0.957 121

with the thin cutting disc were performed by adopting the
same methodology as presented by Awan et al. [32]. The
methodology makes use of two different experimental set-
tings to measure the mechanical cutting power as shown in
Fig. 3.

First, the standard angle grinder is coupled with a dyna-
mometer, which measures different characteristics like tor-
que, mechanical cutting power (P,,), affective electric power
(Ee), and rotational speed (r/min) under different loading
conditions. Affective electric power is capable of transforming
electrical energy in to work and is the product of instanta-
neous current, voltage and power factor. It is actual power
consumed by the load and is expressed in watts. The rela-
tionship between mechanical cutting power (P,,) and affective
electric power (E,) has been used to calculate the regression
equation for the estimation of mechanical cutting power (P,),
during experiments with a thin cutting disc. The experiments
with thin cutting discs have been performed using a smart
automated machine as shown in Fig. 3b. This machine is self-
developed and automated through microcontroller Arduino
Uno. Cubitron cutting disc of 1 mm, with précised triangular
pyramid-shaped grains, precisely cuts the materials at
different feed rates. The downward movement of the machine
in response to the feed rate selection is controlled by a stepper
motor, which is programmed through Arduino Uno. Four
predefined feed rate values of 0.54 mm/s, 0.61 mm/s, 0.9 mm/s
and 1.488 mm/s have been chosen for this experiment. The
setup provides the option to change the feed rate range by
changing the no of steps in the motor driver TB6600. The limit
switches, programmed through Arduino Uno, actuate to keep
the machine within the permissible work limits. The power
analyzer measures the electrical power (E.) consumed during
metal cutting, which is then stored in a computer through a
channel recorder. This electrical power (E.) consumed during
metal cutting is then used to find the corresponding values of
mechanical cutting power through the regression equation
obtained earlier in the first step.

The material removal rate defined in Eq. (2) is a product of
feed rate Vy, and perpendicular cutting area. The feed rate Vyis
a function of the stepper motor, and is evaluated by the study
of generalized coordinates [37], and is experimentally verified
by the time taken for the cutting disc to cuts through the
material.

3.1. Materials and cutting tool

Materials employed for experimentation in this study are
Inconel-718, Al 7075, Al 1100, oxygen free copper
(OFC—C10100), and SS201. Super abrasive cubitron cutting disc
has been used to cut materials. It is made up of resin bonded
precision shaped abrasive material with glass fibre rein-
forcement. The thickness of cutting disc is 1 mm, with
diameter of 115 mm and maximum cutting speed of 80 m/s.
The Cubitron cut off wheel is preferred due to precisely sha-
ped triangular grits, which enable fast cutting and are highly
suited for hard materials like Inconel-718 [38]. The experi-
mental data has been collected and processed by the same
tools used in the previous study [32]. The experimental data of
cutting power (P,,), and material removal rate (Qy) in Eq. (2)
has been adjusted using the least square regression method
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Fig. 3 — Experimental set up for metal cutting with thin discs.

with multiple iterations to find the model coefficients in Eq.
(13). The values of model coefficients along with correlation
error and hardness values of materials are given in Table 1.
The correlation error square close to unity suggests a good fit
of the developed model with the experimental results.

4, Results and discussion

The good correlation between the developed model and
experimental data reinforces the idea that SCE has an
asymptotic behavior with the rate of material removed. As
shown in Fig. 4, with an increase in material removal rate,
specific energy consumption decreases, a trend that is similar
to previous research in grinding [8,25,27,39]. The concept of

ductility helps to understand the overall energy consumption
for materials. In ductile materials, the gumminess of work
piece materials due to heat generation, and higher fracture
toughness in comparison to brittle materials increases the
machining difficulty, and consequently, more specific energy
is required during metal cutting [40]. For this reason, the
specific energy consumption of ductile materials like OFC-
C10100 and Al-1100 is higher in comparison to other mate-
rials at the same material removal rate. In the grinding of hard
and less ductile materials, the crack growth rate during cut-
ting with abrasive grits is higher, which reduces the energy
required to deform the material [41]. For this reason, hard and
less ductile materials of S5201 and Al 7075, are comparatively
consuming less specific energy. Among the materials,
Inconel-718is consuming higher specific energy. This is due to
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Fig. 4 — SEC relationship with material removal rate for
materials.

its high value of hardness, higher strength, and higher resis-
tance to cutting [42].

High stability at elevated temperature, presence of hard
carbides in the microstructure and work hardening during
machining are contributing factors for poor machinability and
specific cutting energy of Inconel-718 [42,43]. An increase in
hardness, increases the resistance to penetration of the
abrasive grain, so grinding energy increases [44]. However, in
comparison to the difference in hardness of Inconel-718 with
other hard materials, the difference in specific energy con-
sumption is not that much higher. This is due to the high
suitability of cubitron wheels for grinding of Inconel-718,
which reduces the abrasive resistance of the material, and
can remain inert to higher cutting temperatures due to the
higher strength of the Inconel-718 [42,45,46]. For Al-7075, the
specific energy consumption is lowest and the trend line is
almost close to straight, which is an indication of major
dominance of SCE at low and high material removal rates.
Abachi et al. [47] attributed the low resistance to fracture due
to fast crack initiation and crack propagation within the
microstructure.

The comparison of SCE of the materials shown in Table 1
indicates that SCE of hard and tough materials like Inconel-
718, and SS 201 are higher among specimens. The OFC-
C10100 has the lowest SCE among specimens although its
SEC values are higher among most of the materials. This is due
to the ductile-brittle failure mode in OFC-C10100 [48], which
reduces the SCE.

Fig. 5 shows the change in the contribution of specific en-
ergy components with an increase in material removal rate. It
also reveals the influence of using cubitron on specific energy
components. It is quite evident that SCE is the most dominant
form of energy dissipation for most cases. It can be seen in
Fig. 5b that there is no plowing in materials of Al 7075, Inconel
718, and OFC-C10100 for the range of material removal used in
this experiment. The dominance of SCE and absence of
plowing energy in some materials is attributed, to the efficient
cubitron grits. Cubitron is semi-super abrasives, with

m Specific Ploughing Energy = Specific Sliding Energy ® Specific Cutting Energy

100

Percentage contribution of SEC
components
wn
f=]

(a) Q,,(mm?/s) Q,(mm?/s)
Specific Sliding Energy u Specific Cutting Energy(SCE)
100 Al-7075 Inconel-718 OFC-C10100
g [
2 80
=
£, 70
‘g‘:: 60
£8
SE 40
g‘ﬂ <
K] 30
g 20
-
& 10
0
73 74 8.1 11.719.119.8 34 39 6.7 10.8 7.7 134 22.8
(b) Q,, (mm?¥s) Q,, (mm?/s) Q,,(mm?s)

Fig. 5 — Contribution of Sliding, plowing, and SCE in
material removal for materials of. (a) Al-1100, SS201 (b) Al-
7075, Inconel-718 and OFC-C10100.

precision-shaped triangular grains which enable fast cutting
[49].

According to Malkin [2], it is the possibility that plowing
energy might not appear during grinding with super abrasives.
He attributed the possibility of the absence of plowing energy
to the precision pyramidal shape of abrasive grains. The cut-
ting points are much sharper and pointed, and at the faster
cutting speeds, the transition from plowing to cutting phase is
fast, which reduces the plowing force. Owing to the fast and
précised cutting ability of abrasive grain, SCE is the most
dominant form of energy consumption in most of the
material.

Moreover, model Eq. (13) also indicates that specific plow-
ing energy is more sensitive to material removal rate in
comparison to sliding energy. It is changing inversely with the
square of material removal rate. It means a small change in
material removal can bring a significant change in specific
plowing energy. At a very low material removal rate, the
appearance of the plowing phenomenon could be possible. So,
it might be possible that for these materials, there is a plowing
phenomenon below the defined range of material removal
rate used in this experiment.

During grinding, material properties played an important
role in defining the dominance, presence, and insignificance
of specific energy components. For instance, Al 1100, and OFC-
C10100, being both ductile materials have shown different
behavior in this experiment. The energy consumption in
copper is dominated by the sliding phenomenon. The
apparent reason could be the high elasticity of Cu, in com-
parison to Al 1100 [50,51]. As the sliding phenomenon takes
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place in the elastic regime of material deformation, so high
value of elasticity indicates more resistance to rubbing and
increases the sliding energy. The absence of plowing phe-
nomenon in OFC-C10100 is due to the grain refinement and
dynamic recrystallization generation during the cutting pro-
cess, which caused the fracture transformation from ductile
to brittle [48]. So, after the elastic deformation, as the material
entered into the plastic state, the transformation to brittle
nature, along with cutting action of sharper and pointed
abrasive grits might have made the crack growth so fast that
eliminated the plowing energy and also reduced the SCE. The
lower SCE in the brittle state is well in agreement with the
previous research on abrasive cut off operation [39].

On the other hand, Al 1100 has low hardness, and failure is
characterized by large strain deformation [52,53]. For this
reason, even with pointed and sharp cutting grains, the
transition from elastic to plastic deformation takes time, and
plowing is significant at low material removal rates. The high
SCE of Al 1100 is attributed to an increase in temperature in
the plastic deformation zone, which reduced the hardness
and increased the ductility of the material, so the energy
required to produce chips increased [54].

Although SS201 is a hard material, but some plowing still
appears at a low material removal rate. The appearance of
plowing is attributed to the very low material removal rate in
$S201. The metal bar thickness of SS 201 is 5 mm in compar-
ison to other materials which ranged from 9 to 11 mm. As a
result, the material removal rate is comparatively low. As
formulated in model Eq. (13), plowing is very sensitive to
material removal rate, so at a small material removal rate,
plowing energy appeared in SS 201 as shown in Fig. 5b. The
careful observation also reveals that small increases in ma-
terial removal rate, the decreases or disappearance of plowing
energy is also fast, in comparison to sliding energy. This
proves the validation of model Eq. (13)

The absence of plowing in Inconel-718 is not in agreement
with the previous research on grinding. Plowing appears to be
a significant phenomenon in experimentation conducted by
Sinha et al. [17] during surface grinding of Inconel-718. Simi-
larly Tahsin et al.’s [55] study during single grit grinding of
Inconel-718, also revealed the prominent plowing phenome-
non. However, in these studies, the depth of cut and in feed
rates are low, which is the reason for the prominent plowing
energy phenomenon. The high SCE and SEC values in Inconel-
718 could also be due to the work hardening of the material
during the grinding process [56].

5. Conclusion

In this study, the detailed models of primary and secondary
rubbing energies, specific plowing energy, and specific cutting
energy are developed and validated through experimental
data. The developed model enabled us to understand the
contribution of sliding, plowing, and SCE with change in ma-
terial removal rate during abrasive cut off operation. It was
found out that grit shape has a notable effect on material
removal mechanism and the corresponding specific energy
consumption. The model development and validation
revealed that due to sharp, and pointed triangular abrasive

grits, plowing energy turned out to be more sensitive to ma-
terial removal rate than sliding. It changes inversely with the
square of material removal rate, due to the sharpness of
cubitron grits. For the material removal range used in this
experiment, plowing energy did not appear for the materials
of Cu, Al 7075, and Inconel 718. The brittle fracture in these
materials, combined with the fast cutting of sharp triangular
grits made the transition from sliding to specific cutting en-
ergy very fast that plowing energy could not appear. In SS 201,
plowing appeared due to the low material removal rate
resulting from the small thickness of the material used. Due to
the high efficiency of cubitron grits, SCE remained the most
dominant specific energy component in most of the materials.
Cutting with cubitron discs minimized the redundant en-
ergies of sliding and plowing.
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