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Graphite, due to its hexagonally arranged crystal structure, is a preferred lubricant. The crystal structure within a planar condensed
ring system indicates that the layers are stacked in a direction that is parallel to each other. Researchers have reported that the use of
graphite powder as a lubricant during machining has exhibited promising results. Mixture of graphite in a carrying medium
demonstrated multifunctional lubrication performance due to the separation of sliding surfaces by a liquid lubricant film and
protected by solid powder. Scientific literature has pointed out that graphite powder at the nanoscale has been used in various
mechanical operations exhibiting promising results. It is found that nanolevel graphite powder has been used previously by
researchers in the metal-forming operations and tribological tests. This emphasizes the significance of the present work, which
investigates the impact of nanoscale differences in the particle size of graphite powder has on the machining of hardened steel.
With SAE 40 oil functioning as the carrying medium and nanocrystalline graphite of various size range performing as the lubricant,
the current work attempts to determine the effects of solid-lubricant-assisted machining. It is observed experimentally that the
machining parameters have improved with respect to the particle size of the nanopowder. The experimental results show that the
cutting forces, tool temperatures, and surface roughness are found to increase as the size of the nanocrystalline graphite powder is
reduced from 70–90 to 5–10 nm. Using the experimental values, regression analysis is carried out to develop nonlinear expressions
between the input and output variables using SPSS statistical tool. The data are used to develop the models to predict cutting forces,
tool temperatures, and surface roughness for the input parameters like size of the nanocrystalline graphite powder, depth of cut,
feed rate, and cutting velocity for a considerably good range in a scientific way so that further researchers can use it. Further, the
outputs obtained from the experimentation and the regression equations are compared and analysis is carried out in terms of the
error percentage.

1. Introduction

Machining process is perceived to be a dynamic process and
is influenced by a wide range of variables making the process
complicated to be understood. Hence, there is a need to
mathematically predict band optimization processes for the
benefit of the machinists. There is a dire need of finding out
eco-friendly and user-friendly alternative cutting fluids and
lubricants to cater to the need of high-speed machining
which generates high cutting temperatures. These tempera-
tures not only reduce tool life but also degrades product
quality. In pursuit of newer lubricants, the technological
advancements in modern tribology have led to an increase

in the adoption of effective unconventional procedures such
as dry cutting, cryogenic cooling, minimum quantity lubrica-
tion (MQL), and the use of solid lubricants. Recent experi-
mental investigations have noted that boric acid and boron-
containing compounds, such as MoS2 and graphite, have the
ability to self-lubricate and are employed in practical applica-
tions as solid lubricants. Additionally, it has been said that in
humid environments, they offer higher lubricating properties.

It is found that various researchers have used graphite as
lubricant and practically demonstrated that it is better than
the conventional standard coolants used. This phenomenon
is visible even in grinding process [1], wherein it is observed
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that the overall process variables improved [2], which includes
grinding forces [3], temperature [4], specific energy, and sur-
face roughness [5] which were observed and found to be less-
ened as compared with grinding with a standard coolant [6, 7].
There are investigative reports which exhibited better results in
terms of lowered friction coefficient [8] at the tool–chip inter-
face during cutting of hardened steel while using Al2O3/TiC/
CaF2 as a lubricant.With the use of graphite andmolybdenum
disulfide in end milling, it is revealed that there is a significant
improvement in its performances in terms of cutting forces,
surface quality, and specific energy [9] as compared with using
only cutting fluid.

The machining characteristics of SAE 40 oil with differ-
ent weight ratios of graphite and boric acid were investigated
when turning EN 8 steel [9]. Cutting force, tool wear, cutting
temperature, and surface finish were looked at in order to
gauge the effect of solid lubricants on machining perfor-
mance. Although both solid lubricants and dry machining
resulted in greater machining performance than traditional
cutting fluids, 20% boric acid in SAE 40 oil offered superior
performance for the chosen tool–work combination and cut-
ting conditions. There are researchers who have used simul-
taneously all four types of lubricating conditions during
machining operations [10, 11].

There are research findings of the use of MoS2 [12–14] as
a lubricant which demonstrated significant improvement in
the cutting parameters and even established equations with
respect to cutting parameters [15] and surface roughness
[16] of the job [17, 18]. Studies have been conducted by
the use of MoS2 as cutting fluid to the regular cutting fluid
along with the use of MoS2-coated ceramic tool [19]. The
findings demonstrated that ceramic cutting tools with MoS2
coatings had significantly longer wear lives and experienced
less flank wear. Analysis was done on the life-extension
mechanisms. Self-lubricating low friction MoS2/Ti compos-
ite coatings of 1 µm thickness were applied on hard-coated
carbide inserts using a hybrid technique to assess ceramic
inserts for dry high-speed milling and turning of steel [20].
The coatings were put to the test while being subjected to dry
conditions, rapid milling, and turning operations at high
temperatures. The performance of the tools was found to
be influenced by cutting tools’ shape, grade, and parameters.

By constantly removing the heat from the machining
zone, solid lubricant can efficiently manage the temperature
there. To investigate the impact of solid lubricant on surface
polish, experiments were conducted [21, 22]. When cutting
AISI 1040 steel with uncoated cemented carbide inserts,
the use of solid lubricants successfully reduced the surface
roughness and chip thickness ratio compared with wet
machining [23]. The use of MoS2 in machining had resulted
in a 5%–30% improvement in surface finish. Similar occur-
rences in terms of surface roughness are seen when bearing
steel is subjected to strong turning [24]. Using MoS2 results
in a better surface polish. This study also revealed that the
ideal rake angle for solid lubricants was higher (12°) than it
was for wet machining (8°), indicating that sharper tools can
be used during machining in the presence of solid lubricants
to increase the machinability of AISI 1040 steel material.

Therefore, the increased machinability from the decreased
friction in solid-lubricant-aided machining leads to greater
material removal rates without impacting the quality of the
surface produced, thereby enhancing product reliability,
increasing productivity, and decreasing cost. Researchers
have also observed that the use of hybrid nanolubricants
[25] in base oil has affected the machining parameters.
It was also observed during the use of MWCNT and Al2O3

in SAE 50 oil [26].
It was observed that the particle size of the solid lubricants

affects its tribological and machining properties [19–21, 27].
The smaller particles exhibit superior performance as com-
pared with larger particle sizes. Graphite powder spray was
used to apply graphite particles of 50, 100, 150, and 200 µm
sizes while hardened steel was being machined [21]. Keeping
the cutting variables constant, the process’s effectiveness was
assessed in terms of cutting force, tool temperature, tool wear,
and the workpiece’s surface polish. Observations show that
graphite with 50 µm particle size has a more efficient lubricat-
ing effect. Similar phenomenonwas observed in the turning of
AISI 1040 steel [19] and in hard turning process [20]. This
phenomenon is also observed in milling operations [27]
where the grinding force is found to be minimumwhen smal-
ler particle sizes of the solid lubricants are used. The key to
this performance of graphite is its layer lattice structure and
low coefficient of friction. The superiority of smaller graphite
particles is because of their more adhesion tendency.

The various machining experimentations conducted with
the use of solid lubricants show that they exhibit superior
lubricating properties than other forms of lubrication
[28, 29]. Moreover, mixture of solid particles in the base lubri-
cant also exhibited better lubricating properties. The superior
role of graphite as a lubricant is validated by the experimenta-
tions conducted by various researchers. It is also proved that
the size of the solid particles plays a dominant role as a lubri-
cant. The experimental work encompasses the use of graphite
as a lubricant in turning operations.

The numerical techniques were used to analyze and inter-
polate the experimental data obtained during the course of
machining for further use. Various techniques and models
being used to predict and optimize the machining parameters
are fuzzy techniques, regression analysis, neural networks,
and Taguchi method [24, 30–33]. Some other models used
by researchers were response surface methodology [34, 35]
and Taguchi grey relation analysis method of optimization
[36–38]. It has been discovered that fuzzy systems can effec-
tively maintain the physical implications and consequences of
each variable while simulating highly nonlinear and complex
systems [31, 39–42]. Fuzzy systems are widely used for pro-
cess simulation and control which are designed either from
expert knowledge or from experimental data [43, 44].

Recent years have seen the use of numerical methods to
evaluate the output machining parameters. One numerical
method that assumes a functional dependence between the
independent and dependent variables and seeks to minimize
modeling error is the regression model. Metal cutting process
parameters such as feed force, main cutting force, thrust
force, temperature, and surface roughness [45–50] are
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predicted using the relations developed. Among the various
models to define the relationship between inputs and outputs,
power equations [45, 49, 50] are the common ones used to
define the relations. It is observed that fuzzy technique is one
of the tools which are used to reduce the vagueness of the
experimental data. To establish a bond between the input
and output parameters, regression modeling is performed.
However, it is uncommon to find a model that stresses the
impact of lubrication on themachining parameters. Therefore,
it is necessary to create a prediction model that includes lubri-
cant as well.

This study encapsulates the use of a range of particle sizes
in the nanoregime, which itself is a unique phenomenon,
unlike the present-day research findings which used only
one particle size for experimentation. The machining input
parameters considered for the experimentation has a wide
range considered. This study aims at investigating the behav-
ior of nanocrystalline graphite powder as lubricant during
the turning of hardened steel under varying machining con-
ditions. This study also includes creating expressions of the
experimental results using regression analysis and develops a
set of relations which could be used by general users as well
as the manufacturers per se.

2. Experimental Process

This study aims to investigate the effect of using nanocrystal-
line graphite powder as lubricant. Turning experiments were
conducted using uncoated carbide tools and by varying the
input parameters: cutting velocity, feed rate, and depth of cut
and using nanocrystalline graphite powder as lubricant. The
size of the nanocrystalline graphite powder considered are
5–10, 15–30, 40–60, and 70–90 nm. Initial studies are carried
out to find the optimum weight percentage of nanocrystal-
line graphite powder to be mixed in the carrying medium
(SAE 40). It is found that a 0.5 wt% is optimal for the purpose
of experimentation. The evaluating parameters of cutting
forces, tool tip temperature, and the surface roughness are
considered while machining AISI 1040 steel [51, 52] using
uncoated carbide inserts. The cutting forces and tool tem-
peratures are measured while the experimentation is being
carried out [9] and the surface roughness is found out off-
line [53] at the end of each machining process. The cutting
forces were measured using a strain gauge lathe tool dyna-
mometer and the tool tip temperature by a K-type thermo-
couple connected to a temperature calibration unit [54].
Surface roughness of the machined workpiece was measured
using surface roughness tester (Tally surf ). An indigenously
developed liquid particulate dispensing system is attached to
the machine for dispersing the lubricant mixture and to take
care of agglomeration of the graphite powder mixed in the
carrying unit. Experiments are conducted as per full factorial
design of experiments [55, 56].

A series of preliminary tests have been carried out to
determine the best lubricant flow using the MQL principle.
MQL equipment consists of emulsifying equipment and a
pipe to dispense the lubricant to the targeted area. Nanopar-
ticulate graphite powder mixed in SAE 40 is applied at the

rate of 10ml/min. [57]. The experimental setup developed
for applying particulate fluid lubricant is shown in Figure 1.
Emulsifying equipment is used to maintain the physical
composition of the lubricant. The dispensing equipment
consists of a reservoir, a stirrer, and a tube used to dispense
the lubricant to the targeted area. It helps to keep graphite
powder well dispersed in SAE 40 oil during the machining
time. After mixing the graphite powder with oil thoroughly
in a stirrer, it is poured into the reservoir of the emulsifying
equipment. Stirrer is used continuously thus maintaining
graphite powder in a well-dispersed form.

In this study, the cutting forces are measured using strain
gauge dynamometer which is duly calibrated. The dyna-
mometer is placed in a position as shown in the Figure 2.
The tool holder and the display unit of the dynamometer is
also shown in the figure.

The thermocouple placed at the bottom of the tool insert
measures the temperature. The thermocouple module is
shown in Figure 3, and Figure 4 shows the position of ther-
mocouple under the tool tip arrangement.

It is found that the average values of the measured
parameters under dry conditions and by using SAE 40 oil
are higher than those obtained by the use of nanocrystalline
graphite powder as lubricant when considered for all weight
percentages and crystalline sizes. Experimental observations
revealed that with a 0.5 wt% of nanocrystalline graphite pow-
der mixed in the carrying medium, the cutting forces and the
tool tip temperature showed minimum values. The surface
quality showed better results than that obtained with other
weight percentages. This proves that addition of solid

Dispensing unit

FIGURE 1: Liquid particulate dispensing unit.

Tool holder

Tool dynamometer

Display unit

FIGURE 2: Display unit of strain gauge dynamometer.
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particles decreases the cutting forces and the tool tempera-
ture and even leads to a better surface finish.

The graphite powder and the carrying medium SAE
40 lubricant mixture demonstrate multifunctional lubrica-
tion performance, where surfaces are separated by a liquid
lubricant film and protected by solid powder [58].

As depicted in Figure 5, the carrying medium would
carry the third-body nanocrystalline graphite powder parti-
cles providing lubrication. In preliminary research [58], such
a concept was found that there were opposing results in its
tribological performance as the size of the solid lubricant
was decreased from micron level to nano level. It is due to
the fact that more amount of nanoparticles would remain
back in the contact zone between the tool and workpiece.
The nanoparticles in the contact zone would hold the cut-
ting temperature which would impair the machining

parameters. The phenomenon is explained with the concep-
tual model developed.

In general, the present experimental results show that
the cutting forces, tool temperatures, and surface roughness
are found to increase as the size of the nanocrystalline graph-
ite powder is reduced from 70–90 to 5–10 nm, which exhibits
an inverse relationship with its size in the nanolevel. This is
because more of the smaller graphite particles which remain
back in the cutting zone than the larger particles (as depicted
in Figure 6). This phenomenon leads to the sticking and
interlocking of the solid lubricant particles in the chip–tool
interface, thereby increasing the resistance flow of the chip
[51]. Tribological test has proved that the powder lubricant
would remain back in the contacting region due to the sur-
face tension property of the liquid lubricant [58]. It is also
observed in optical microscope images taken on the disk
wear tracks after the pin-on-disk tests that more of the smal-
ler particles [51, 58] remained in the wear track than the
larger particles.

It is found that a boundary film is formed by the lubri-
cant mixture. As nanocrystalline graphite powder has higher
dry coefficient of friction than the SAE 40 oil, there will be
increase in the measured parameters when the lubricant loses
its viscosity and the nanoparticles remain back in the cutting
zone. This mechanism is referred to define the behavior of
particles between two surfaces in terms of the size of the
particles. But as the temperature raises and at high cutting
velocities, the fluid film thickness decreases. This is due to the
fact that SAE 40 loses its viscosity at high temperatures.
A thin layer of SAE 40 oil between graphite and the cutting
surface would be present, but its effect will nullify when the
thickness reduces to the nanocrystalline size [59]. Since
graphite has a higher dry friction coefficient than SAE 40,
it has been deduced that this greater percentage of graphite
powder in the sliding contact led to the inverse relationship
between particle size and friction coefficient.

The main cutting force is dominated by the depth of cut
rather than the other controllable parameters considered for
the experimentation. At higher depths of cuts, more amount
of material comes in contact with the tool which requires
more cutting force to remove the material. The other reason
for the increase in the main cutting force is the increase in
chip load [60, 61], which increases the energy required to
machine the surface. Depth of cut plays a dominant role in
the increase of feed force and the thrust force. The increase in
the thrust force is due to the fact that at higher depths of cuts,
more material is removed thus requiring a higher force. This
is also attributed to the fact that with the increase in the
depth of cut, the chip thickness becomes significant which
causes the growth of volume of the material deformed, and
thus enormous cutting force is required to cut the material.

The secondary dominating factor with the increase in the
feed force is the cutting velocity. It is observed that there is a
substantial effect on the feed force at higher cutting veloci-
ties. In general, increase in the cutting velocity leads to a rise
in temperature at the cutting zone [53, 62] which makes the
metal more plastic, and consequently the efforts necessary
for machining decreas. However, due to the increase in

FIGURE 4: Thermocouple arrangement.

2nd body

1st body

3rd bodies

FIGURE 5: Separation of surfaces by a layer of lubricant [58].

FIGURE 3: Thermocouple module.
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temperature at the cutting zone, the viscosity of the carrying
medium increases which impairs the formation of a layer of
fluid film across the cutting surfaces thus increasing the
power required to machine the surface [53, 63]. With the
increase in the cutting velocity, more amount of material
surface comes in contact with the tool as the built-up edges
disappear. As the frictional force increases, it is inferred that
either the cutting force or thrust force increases or both of
the force components increase collectively. At higher cutting
velocities, there is a drastic increase in the tool temperatures.
The effect of cutting velocity on tool temperature is predom-
inant when compared with other parameters like depth of
cut and feed rate. The surface quality deteriorates more with
the increase in the feed rate which is a dominating factor
when compared with other cutting parameters considered
for the experimentation. Surface roughness is a function of
feed and for a given nose radius, it changes with the square of
the feed rate value. At higher cutting velocities, the surface
quality improves due to the fact that the built-up edges dis-
appear with the increase in the cutting velocity [64–66]. This
phenomenon is visible in the experimental values obtained
during machining, where the surface quality improves with
the increase in the cutting velocity.

The graphite powder of lamellar structure which is used
for synthesis is procured commercially from Loba Chemme
Pvt. Ltd., Mumbai. The crystalline size is found using an
X-ray diffractometer which is in the range of 310–347 nm.
The commercially procured powder is synthesized into four
crystalline sizes to be used in the experimentation. The syn-
thesis of graphite powder is carried out using a high energy
planetary ball mill having four jars which rotate simulta-
neously. The samples were tested periodically by using X-ray
diffractometer. In the sample tested after 10 hr of milling
using an X-ray diffractometer, the average particle size was
found to be 70–90 nm. Further ball milling and subsequent
testings at intervals of 10 hr were conducted which ultimately
led to the obtainment of the other crystalline-sized graphite
powders in the nanoregime.

3. Numerical Analysis of the Machining Process

Regression analysis provides a statistical method to establish
relationships between a dependent variable and one or more
independent variables. Multiple linear regressions are carried
out using statistical software called Statistical Package for the
Social Sciences (SPSS). It confidently forecasts the results
of any experiment or action, assisting in the formulation

of better decisions for a person, division, or organization.
In order to reduce modeling error, multiple linear regression
assumes a functional dependency between the independent
and dependent variables.

The derived relationships were used to forecast several
metal-cutting process parameters, including feed force, main
cutting force, thrust force, temperature, and surface rough-
ness. Among the various models to define the relationship
between inputs and outputs, power equations were devel-
oped in this study.

3.1. Regression Model. Regression is the process of fitting
models for any data. It is the statistical model that is used to
predict continuous outcomes based on one or more continu-
ous predictor variables. The average relationship between two
or more variables in terms of the original units of the data is
measured using regression analysis. There are two categories of
variables in regression analysis. The term “dependent variable”
refers to a variable whose value is affected or is to be predicted,
and the term “independent variable” refers to a variable that
influences values or is to be utilized for prediction.

One dependent variable is compared with one indepen-
dent variable using simple linear regression. Multiple linear
regressions are employed when a dependent variable needs
to be described in terms of two or more independent vari-
ables. Establishing a quantitative relationship between a col-
lection of predictor factors and a response variable is the goal
of multiple linear regressions. In order to reduce modeling
error, multiple linear regression assumes a functional depen-
dency between the independent and dependent variables.
This relationship is useful for understanding which predic-
tors have the greatest effect, and future responses’ values
being predicted while just their predictors are currently
known.

The beta value is a measure of how strongly each predic-
tor variable influences the response variable (criterion vari-
able) and is measured in units of standard deviation. Thus,
the higher the beta value, the greater the impact of the pre-
dictor variable on the response variable.

R is a measure of the correlation between the experimen-
tal value and the predicted value of the response (criterion)
variable. R2 is called the coefficient of determination and
indicates explanatory power of any regression model. Its
value lies between “0” and “+1”. It can be shown that R2 is
the correlation between experimental and predicted values.
It will reach maximum value when the dependent variable is
perfectly predicted by regression. R2 is the square of this

Micron-sized
graphite particles

Nano-sized
graphite
particles

Chip flow Chip flow

Tool movementTool movement
Liquid

lubricant

Liquid lubricant

FIGURE 6: Conceptual model depicting the influence of variation particle size in the chip–tool interface.
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measure of correlation and indicates the proportion of
the variance in the response (criterion) variable, which is
accounted for by the model. In essence, this is a measure
of how good a prediction of the criterion variable can be
made by knowing the predictor variables. However, R2 tends
to somewhat overestimate the success of the model when
applied to the real world and so an adjusted R2 value is
calculated which takes into account the number of variables
in the model and the number of observations (participants)
the model is based on. This adjusted R2 value gives the most
useful measure of the success of the model.

3.2. Nonlinear Expressions for the Output Variables. It is
required to model the process parameters in order to gener-
ate appropriate and useful predicted quantitative connec-
tions. These models would be quite helpful for adjusting
the process parameters. The interpolated results from the fuzzy
model are used to model the various responses using the mul-
tiple regression approach employing a nonlinear fit between the
response and the pertinent significant parameters [48]. Multi-
ple regression analysis was frequently utilized for modeling and
interpreting experimental results because it is useful, affordable,
and generally simple to use [67–71]. Using analysis of variance
(ANOVA), it was possible to determine the importance of the
parameters on the outcomes. The mathematical programmer
SPSS was used in this work to calculate the regression constants
and parameters. In this case, surface roughness prediction
models and parameters for the metal-cutting process, such as
cutting forces and tool temperatures, were established. The
confidence interval taken was 95%. The models were found
to be capable of predicting the above parameters with fair
accuracy. The regression equations for the output variables
are expressed in the preceding equations.

The output parameters expressed in the nonlinear form
are represented in the following form:

Fx ¼ f1 S; v; d; fð Þ; ð1Þ

Fy ¼ f2 S; v; d; fð Þ; ð2Þ

Fz ¼ f3 S; v; d; fð Þ; ð3Þ

T ¼ f4 S; v; d; fð Þ; ð4Þ

SR ¼ f5 S; v; d; fð Þ; ð5Þ

where Fx is the feed force, Fy is themain cutting force, FZ is the
thrust force, T is the temperature, and SR is the surface rough-
ness. f is the response function, and S, v, d, f represents the
input parameters: size of the nanocrystalline graphite powder,
cutting velocity, depth of cut, and feed rate, respectively.

The nonlinear form of Equations (1)–(5) which repre-
sents the feed force, main cutting force, thrust force, temper-
ature and surface roughness can be written as follows:

Feed force : Fx ¼ C1 Sð Þα1 vð Þβ1 dð Þγ1 fð Þδ1; ð6Þ

Main cutting force : Fy ¼ C2 Sð Þα2 vð Þβ2 dð Þγ2 fð Þδ2; ð7Þ

Thrust force : Fz ¼ C3 Sð Þα3 vð Þβ3 dð Þγ3 fð Þδ3; ð8Þ

Temperature :T ¼ C4 Sð Þα4 vð Þβ4 dð Þγ4 fð Þδ4; ð9Þ

Surface roughness : SR ¼ C5 Sð Þα5 vð Þβ5 dð Þγ5 fð Þδ5: ð10Þ

The constants C1 to C5 and parameters α1–α5, β1–β5,
γ1–γ5, and δ1–δ5 are then obtained by using nonlinear regres-
sion analysis using the interpolated values of the experimen-
tal results. The nonlinear solution of the models gives the
values of the constants and the parameters which is repre-
sented in Table 1.

The equations for the measured parameters in terms of
the input parameters are as follows:

Fx feed forceð Þ ¼ 39:982 Sð Þ−0:033 vð Þ0:245 dð Þ0:146 fð Þ0:087;
ð11Þ

Fy main cutting forceð Þ ¼ 35:277 Sð Þ−0:029 vð Þ0:272 dð Þ0:171 fð Þ0:092;
ð12Þ

Fz thrust forceð Þ ¼ 35:673 Sð Þ−0:033 vð Þ0:368 dð Þ0:449 fð Þ0:121;
ð13Þ

T temperatureð Þ ¼ 13:293 Sð Þ−0:020 tð Þ0:643 dð Þ0:734 fð Þ0:209;
ð14Þ

TABLE 1: Parameter estimates for output variables.

Parameter
(feed
force)

Estimate
(feed force)

Parameter
(main
cutting
force)

Estimate
(main
cutting
force)

Parameter
(thrust
force)

Estimate
(thrust
force)

Parameter
(temperature)

Estimate
(temperature)

Parameter
(surface

roughness)

Estimate
(surface

roughness)

C1 39.982 C2 35.277 C3 35.673 C4 13.293 C5 240.054
α1 −0.033 α2 −0.029 α3 −0.033 α4 −0.020 α5 −0.157
β1 0.245 β2 0.272 β3 0.368 β4 0.643 β5 −0.941
γ1 0.146 γ2 0.171 γ3 0.449 γ4 0.734 γ5 0.175
δ1 0.087 δ2 0.092 δ3 0.121 δ4 0.209 δ5 −0.076
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SR  surface roughnessð Þ ¼ 240:054 Sð Þ−0:157 vð Þ0:941 dð Þ0:175 fð Þ0:076:
ð15Þ

4. Validation of the Mathematical Equations

The comparison between the experimental values and the
values obtained from the regression equations are depicted
in the graphs below. The set of 66 experimental values were
used to test the validity of the regression equations devel-
oped. The percentage error of the average value of the exper-
imental and tested values for the feed force was found to be
0.23% as shown in Figure 7.

The percentage error of the average values obtained in
the main cutting force during experimentation are tested in
the equation obtained from regression analysis was 0.23%.
It is grphically represented in Figure 8.

The percentage error found between the average values of
the experimental and regression equation for thrust force was
0.89%. The difference in the values is depicted in Figure 9.

The percentage error of the average value of the experi-
mental and tested values for the tool temperature was 4.24%.
It is represented graphically in Figure 10.

Surface roughness shows an error of 3.46% between the
average of the experimental values and was obtained from
the regression equation. The values are graphically repre-
sented in Figure 11.
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FIGURE 10: Percentage error in tool temperature.
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Table 2 represents the error with respect to the tested
values and the predicted values using the regression equa-
tions developed.

5. Results and Discussion

ANOVA was carried out for the output parameter which is
explained in the subsequent part.

5.1. ANOVA Response on Feed Force. The purpose of this
study was to apply a novel method that combines functional
data analysis and experiment design. Functional ANOVA was
used to measure the effects of several machining parameters
on the output parameters, including cutting forces, tool tip
temperature, and workpiece surface roughness. All of the
information from each test or set of functional data was
used in the functional ANOVA. The outcomes of this
methodology are described.

From Table 3, a complete realization of the feed force and
their effects were achieved. Nonlinear regression analysis was
used to model it mathematically. R2 value was obtained as
0.946 and the adjusted R2 as 0.9448. It has been noticed that
the created model and the experimental findings agree very
closely. This implies that the numerical model defined closely
confirms the experimental values obtained during machining.

An estimator’s mean square calculates the average of the
squares of the “errors,” or the discrepancy between the esti-
mate and the actual value. According to the expected value of
the squared error loss, mean squared error is a risk function
[45, 48, 49]. The uncorrected total is the sum of squares of the
regression and the residual. The corrected and the uncorrected
total relates to the values of regression and the residual sum of
squares. Hence, there was no relation between the uncorrected
and corrected total with the mean squares [45, 49, 50].

5.2. ANOVA Response on Main Cutting Force. As depicted in
Table 4, the values required to justify the model are shown.
R2 value was obtained as 0.950 and the adjusted R2 as 0.9489.
It was observed that developed model was in close agreement
with the experimental results.

5.3. ANOVA Response on Thrust Force. R2 value and adjusted
R2 values found for thrust force were 0.956 and 0.9551,
respectively, which show that the model developed to find
the thrust force was in close conformity with the experimen-
tal values. ANOVA details are shown in Table 5.

5.4. ANOVA Response on Temperature. The values required
to justify the model are shown in Table 6. R2 value was
obtained as 0.954 and the adjusted R2 as 0.9531. It was found
that the created model and the experimental findings agree
very closely.

5.5. ANOVA Response on Surface Roughness. R2 value and
adjusted R2 values found for surface roughness were 0.961
and 0.9602, respectively, which shows that the model developed
to find the surface roughness was in close conformity with the
experimental values. ANOVA details are shown in Table 7.

6. Conclusion

The calculated values of R2 and adjusted R2 for all the depen-
dent variables are summarized in Table 8 for the purpose of
convenience in dealing with the data.

TABLE 2: Percentage error between the experimental and predicted
values.

Sl. no Output parameter Error percentage

1 Feed force 3.92
2 Main cutting force 4.00
3 Thrust force 2.51
4 Temperature 3.09
5 Surface roughness −1.76

TABLE 3: ANOVA response on feed force (N).

Source Sum of squares df Mean squares

Regression 1,779,803.882 5 355,960.776
Residual 2,193.340 395 8.738
Uncorrected total 1,781,997.223 400
Corrected total 40,743.784 399

ANOVA, analysis of variance.

TABLE 4: ANOVA response on main cutting force (N).

Source Sum of squares df Mean squares

Regression 1,760,699.152 5 352,139.830
Residual 2,482.308 395 9.890
Uncorrected total 1,763,181.460 400
Corrected total 49,307.738 399

ANOVA, analysis of variance.

TABLE 5: ANOVA response on thrust force (N).

Source Sum of squares df Mean squares

Regression 2,951,224.439 5 590,244.888
Residual 10,453.731 395 41.648
Uncorrected total 2,961,678.170 400
Corrected total 236,186.724 399

ANOVA, analysis of variance.

TABLE 6: ANOVA response on temperature (°C).

Source Sum of squares df Mean squares

Regression 3,450,135.591 5 690,027.118
Residual 32,103.610 395 127.903
Uncorrected total 3,482,239.201 400
Corrected total 703,879.449 399

ANOVA, analysis of variance.

TABLE 7: ANOVA response on surface roughness (µ).

Source Sum of squares df Mean squares

Regression 1,686.910 5 337.382
Residual 13.251 395 0.053
Uncorrected total 1,700.161 400
Corrected total 342.676 399

ANOVA, analysis of variance.
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In order to create nonlinear expressions between the input
and output variables, regression analysis was done using the
statistical tool SPSS. The interpolated data were used to
develop the models that predict cutting forces, tool tempera-
tures, and surface roughness using input factors including size
of the nanocrystalline graphite powder, depth of cut, feed rate,
and cutting velocity for a considerably good range. The tool
helps in analyzing and interpreting the data for further use.

This experimental study gives an insight into the effect of
nanolevel variation in the crystalline size of graphite powder
on the machining of AISI 1040 steel. The major advantage of
the present study is the experimentations carried out with
varied particle sizes in the nanoregime, which implies that
the experimental data gives a robust numerical correlation as
obtained in the present study. However, the major disadvan-
tage is the number of experimentations which are to be car-
ried out due to various ranges of the graphite powder.
Synthesis of the graphite powder into the nanoregime is a
cumbersome process.

7. Future Work

Graphite powder due to its chemical structure is more prone to
reduce the coefficient of friction between two sliding surfaces.
However, as the crystalline size is reduced and varied at the
nanolevel, its behavior is completely reversing. Some of the
suggestions for future work include using other nanoparticle-
sized lubricant powders and verifying these phenomena in
other machining processes. Experimental works can be carried
out using different workpiecematerials, tools, andwidening the
range of input parameters like feed rate, depths of cuts, etc.,
and exploring the effects of other process variables and noise.
Conformation of the experimental results can be carried out
with other analytical tools. More analytical tools can be devel-
oped for different cutting tools andmaterials which can be used
for machining processes.

Nomenclature

Fx: Feed force
Fy: Main cutting force
FZ: Thrust force
N: Force measurement unit “Newton”
T: Temperature
°C: Temperature measurement unit “Centigrade”
SR: Surface roughness
µ: Roughness measurement unit in “Micron”
f: Response function
S: Size of the nanocrystalline graphite powder

v: Cutting velocity
d: Depth of cut
f: Feed rate
C1: Constant in feed force equation
α1: Parameter associated with size of particle in feed force

equation
β1: Parameter associated with cutting velocity in feed force

equation
γ1: Parameter associated with depth of cut in feed force

equation
δ1: Parameter associated with feed rate in feed force

equation
C2: Constant in main cutting force equation
α2: Parameter associated with size of particle in main cut-

ting force equation
β2: Parameter associated with cutting velocity in main cut-

ting force equation
γ2: Parameter associated with depth of cut in main cutting

force equation
δ2: Parameter associated with feed rate in main cutting

force equation
Fz: Constant in thrust force equation
α3: Parameter associated with size of particle in thrust force

equation
β3: Parameter associated with cutting velocity in thrust

force equation
γ3: Parameter associated with depth of cut in thrust force

equation
δ3: Parameter associated with feed rate in thrust force

equation
C4: Constant in temperature equation
α4: Parameter associated with size of particle in tempera-

ture equation
β4: Parameter associated with cutting velocity in tempera-

ture equation.
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