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Abstract: In most grinding processes, the use of cutting fluid is required, and research has been
carried out to reduce the amount of fluid used due to costs and environmental impacts. However,
such a reduction of fluid can result in thermal damage to the machined component because the
amount of cutting fluid may not be sufficient to lubricate and cool the system. One way of improving
the cutting fluid properties is to add micro or nanoparticles of solid lubricants. This paper aims to
evaluate the performance of multilayer graphene platelets dispersed in cutting fluid and applied
through the technique of minimum quantity of lubrication (MQL) during the peripheral surface
grinding of SAE 52100 hardened steel. In this sense, the influence of these solid particles with respect
to the surface and sub-surface integrity of the machined components was analyzed, performing the
roughness and microhardness measurement and analyzing the ground surfaces. The results showed
that the cooling–lubrication conditions employing graphene could obtain smaller roughness values
and decreases of microhardness in relation to the reference value and components with better surface
texture compared to the conventional MQL technique without solid particles.

Keywords: grinding; multilayer graphene platelets; SAE 52100 hardened steel; minimum quantity
lubrication; surface and sub-surface integrity

1. Introduction

In all machining processes, there is heat generation during material removal. In
specific processes, the amount of heat generated is so significant that it can result in
thermal damage to the machined component. Therefore, in most operations, cutting fluid
is used to circumvent this challenge. The cutting fluids have as main functions the cooling,
lubrication, and chip removal generated in the cutting zone [1].

The cooling function is associated with the system’s heat removal capacity, thus reduc-
ing the amount of heat that will be directed to the workpiece. In contrast, the lubrication
function reduces the friction generated during machining, reducing heat generation and
power consumption. The chip removal efficiency from the grinding wheel/workpiece
interface also represents a critical function since it contributes to avoiding the abrasive
wheel’s clogging. In addition to these functions, other requirements are expected for
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the cutting fluid, such as protection against corrosion, good wettability, and recyclability,
among others [2].

There are several techniques for applying the cutting fluid in the machining processes,
the most employable being conventional flood cooling. In this technique, the cutting fluid
is used at low pressures and high flow rates, usually above 9 L/min [3]. The purpose of
using this technique is based on the fact that it uses a very high amount of cutting fluid,
which increases the rate of heat dissipation.

However, the growing concern with environmental, social, and economic issues led
to studying new ways of applying cutting fluids to reduce oil consumption in machin-
ing processes [4]. Unfortunately, fluid treatment is complex and often done incorrectly,
negatively impacting the environment when disposal occurs. Moreover, these cutting
fluids have chemical components that are harmful to human health and can cause ailments
from dermatological problems to serious lung diseases. The other point, which is of most
significant interest to companies, concerns the costs related to the cutting fluid, not only of
purchasing, but also of maintenance and storage, among others, and according to Sanchez
et al. [5] these costs can reach up to 18% of the price of a manufactured component.

One method that has emerged as an alternative to the conventional technique is the
minimum quantity of lubrication (MQL). In the MQL technique, the cutting fluid is used
at low flow rates, usually less than 250 mL/h, where the fluid droplets are propelled to
the cutting zone by compressed air [6]. Despite presenting a significant reduction in the
cutting fluid consumption (the MQL technique presents 0.1% of the flow rate found for the
conventional technique), some researchers have indicated some limitations of the MQL
technique related to the cooling and clogging of the grinding wheel. Due to a small amount
of cutting fluid, there is low efficiency in removing the heat generated at the grinding
wheel/workpiece interface, with the fluid forming a sludge with the tiny chips formed in
the process, increasing the possibility of clogging the wheel. Hadad et al. [7] investigated
the surface temperatures developed during grinding of 100Cr6 (SAE 52100) hardened steel
with aluminum oxide and CBN wheels in different cooling–lubrication conditions (dry,
MQL, and conventional). They observed that the MQL technique still has limitations in
relation to the conventional cutting fluid application technique. One of the limitations is
related to the fact that the MQL technique employs a much smaller amount of fluid than
that used by the conventional condition, resulting in less removal of heat from the cutting
zone and, consequently, and higher grinding temperatures. Bianchi et al. [8] points out that
the low chip removal capacity of the cutting zone provided by the MQL cooling–lubrication
conditions contributes to the occurrence of the clogging of the grinding wheel; that is, chips
lodge with cutting fluid in the grinding wheel pores, which adversely affects the finish of
the ground components.

Similar behavior of the low efficiency of the MQL technique in terms of heat removal
from the cutting zone was observed in a study developed by Hadad and Sadeghi [9].
Hadad and Sharbati [10] performed grinding tests with an aluminum oxide grinding wheel
on st37 carbon steel (DIN 17100) and different cooling delivery techniques (conventional
and MQL) and observed that tests with the conventional method resulted in a reduction of
the clogging phenomenon on the grinding wheel compared to the MQL technique due to
the more significant amount of cutting fluid used in the process, thus providing improved
chip removal from the system and, consequently, from the grinding wheel. In addition,
the authors reported that the temperatures developed during the process influence this
behavior, where lower temperatures are found in tests with the conventional technique
because of its more significant heat transfer by convection.

Thus, new research lines have been developed to improve the MQL technique. One
of the most promising is adding solid particles to the cutting fluid. The dispersion of
solid particles to the fluid, which can be Al2O3, MoS2, graphene, carbon nanotubes, etc.,
may enhance the lubricating and cooling properties of the fluids. Additionally, these solid
particles act as solid lubricants at the grinding wheel/workpiece interface, improving
the tribological conditions of cutting and, consequently, providing greater machining
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efficiency [11–13]. It is noteworthy that one of the main problems of the MQL technique
is the clogging of the grinding wheel, and some research shows that the addition of solid
particles to the cutting fluid contributed to the reduction of this possibility, thus indicating
another improvement of the MQL technique provided by the dispersion of lubricant solids
to the fluid. According to Wojtewicz et al. [14], the dispersion of solid particles into the
cutting fluid improves the tribological conditions of machining, and the authors emphasize
that this behavior reduces the possibility of the occurrence of sticking of the grinding wheel.

Silva et al. [15] performed peripheral surface grinding with an aluminum oxide
grinding wheel of VP 100 steel with graphene platelets (6 mg/mL concentration) added
to the vegetable-based cutting fluid applied at a flow rate of 130 mL/h and comparative
tests with the conventional technique. The authors reported that surface roughness was
more uniform after machining with the graphene-containing cutting fluid, and, in relation
to the microhardness for both cooling–lubrication conditions, microstructural changes
were observed in the workpiece, and they were accentuated with cutting fluid without
graphene. Chu et al. [16] evaluated graphene platelet addition at different concentrations
(0.05%, 0.10%, and 0.15% by weight) in a canola-based cutting fluid in micro-machining
processes. The authors reported that all concentrations investigated improved the cooling
fluid’s cooling and lubricating properties.

In Inconel 718 grinding tests using different cooling–lubrication conditions, Pavan et al. [17]
observed that the dispersion of graphene nanoplatelets to the cutting fluid resulted in
decreased cutting efforts, roughness, and temperature values, in addition to causing the
generation of components with better surface texture, compared to the fluid without
the addition of these solid particles. The authors justified the results because graphene
increases the thermal conductivity and viscosity of the cutting fluid, promoting better
lubrication and cooling.

In a recent study developed by Oliveira et al. [18], grinding tests of the Inconel 718 alloy
were carried out, and the results obtained indicated that the addition of multilayer graphene
platelets was beneficial because it resulted in lower values of roughness and power, better
surface texture, and less variation in microhardness. In addition, the dispersion of the
multilayer graphene platelets improved the cutting fluid properties and, consequently,
resulted in greater lubrication and cooling of the cutting zone. In this way, the surface and
sub-surface integrity of the grinding components is guaranteed.

Li et al. [19] studied the influence of graphene dispersion on the cutting fluid in
terms of surface integrity (roughness and texture), temperature, and cutting forces during
grinding tests on the TC4 titanium alloy. The results indicated that the addition of graphene
to the cutting fluid contributed to reducing cutting efforts, temperature, Ra roughness
values, and generation of a better surface texture. This behavior was found due to improved
cutting fluid properties provided by graphene dispersion. Ibrahim et al. [20] also observed
the benefit of adding graphene to the cutting fluid during grinding tests on the Ti-6Al-4V
titanium alloy. Again, the results indicated a reduction in cutting efforts and roughness
values, and improved surface texture.

To the best of the authors’ knowledge, no work has been found in the literature at
the time of submission of this manuscript that covers a combination of several cutting
and cooling–lubrication conditions, including graphene, in grinding of SAE 52100 hard-
ened steel, as well as an accurate characterization of cutting fluids (thermal conductivity,
kinematic and dynamic viscosities). In this sense, the present work aims at evaluating the
influence of graphene platelets dispersed in the cutting fluid on surface and sub-surface
integrities of SAE 52100 hardened steel. Furthermore, a combination of grinding atmo-
spheres and several cutting parameters in grinding material of great use in the industry
but very susceptible to thermal damages was tested. Finally, the results obtained may
contribute to the future implementation of these particles on an industrial scale.
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2. Experimental Procedures

The experimental tests were performed on a semi-automatic peripheral surface grind-
ing machine, model P36, manufactured by Mello, São Paulo, Brazil, with 3 horsepower
and a rotation speed of 2400 rpm, using an aluminum oxide grinding wheel with mesh 46.
The grinding machine employed has a magnetic workbench on which the precision vise
containing the workpiece was positioned, as shown in Figure 1.

Figure 1. Representation of the components of the grinding process.

The workpiece materials were small cylinders of SAE 52100 hardened steel (60 ± 2)
HRC, widely used in bearings, 16 mm in diameter and 18 mm in height. The chemical
composition of this steel (wt %) and the experimental tests’ parameters are shown in
Tables 1 and 2, respectively. In contrast, in Figure 2, the SAE 52100 hardened steel mi-
crostructure is presented, composed of tempered martensite and retained austenite. As
shown in Figure 2, the white dots present in the microstructure of SAE 52100 steel represent
the carbides that compose this material. The selection of the cutting parameters occurred
taking into account the limitations of the machine tool, as well as other grinding research
that was carried out on a machine tool similar to that used in the experimental tests of
this current work, the primary references being the studies developed by Paiva et al. [21],
Guimarães et al. [22], and Hübner et al. [23].

Table 1. Chemical composition of SAE 52100 hardened steel obtained by an energy dispersive
system (EDS).

Element (wt %)

Carbon 1.03
Silicon 0.207
Sulfur 0.042

Chrome 1.526
Manganese 0.120

Iron 97.074
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Table 2. Grinding conditions.

Grinding Mode Peripheral Surface Grinding

Grinding wheel (manufactured by Norton—Saint Gobain Abrasives) Al2O3: AA46K6V (ds = 303 mm)
Grinding machine Semi-automatic peripheral surface grinding P36

Cutting speed (Vs) (m/s) 37
Work speed (Vw) (m/min) 3 and 7

Radial depth of cut (ae) (µm) 10 and 30
Environments Conventional, MQL, and MQL + Graphene

Conventional coolant oil technique Water-miscible VASCO 7000 (ester–oil based) with dilution in the
proportion 1:19

Conventional coolant supply flow rate (L/min) 9
MQL fluid grinding Pure oil VASCO 7000

Pure oil VASCO 7000 with multilayer graphene platelets (0.050% wt)
MQL flow rate (mL/h) 150

MQL air pressure (MPa) 0.3

Workpiece material SAE 52100 hardened steel with 62 HRC (with 16 mm diameter and
18 mm height)

Dressing operation Point diamond dresser
Width of dresser’s performance (bd) (mm) 0.3175

Overlap ratio (Ud) 5

Figure 2. SAE 52100 hardened steel microstructure.

Due to the constant rotation speed of the machine tool (2400 rpm), and considering
the external diameter of the grinding wheel, the cutting speed was kept constant and equal
to 37 m/s. Previous tests were carried out regarding selecting the workspeed values and
took the grinding machine’s operational range from 1 to 10 m/min. Thus, the values of
workspeed of 3 and 7 m/min were those more representatives for detecting variation
in surface roughness values, among other variables. Guimarães et al. [22] carried out
experimental work on grinding of a mold and die steel grade (44.5 HRC) with two different
grinding wheel materials (designations AA60K6V and 39C60KVK) and tested different
radial depth of cut values (20, 40, and 60 µm) and workspeed values up to 10 m/min.
They found that these values were suitable to detect variations in surface roughness,
microhardness below the machined surface, and residual stresses.

It is noteworthy that the main limitations found in carrying out this study are mainly
related to the grinding machine, that is, in semi-automatic mode with a constant rotation
speed of 2400 rpm (which hinders the use of superabrasive grinding wheels to compare
the performance of grinding process with conventional abrasive grinding wheels), and
also the difficulty in analyzing grinding wheel wear.

To perform the experimental tests with the MQL technique, a nozzle was developed,
with one inlet for the cutting fluid and another for the compressed air. Both the nozzles of
the conventional technique and the MQL were positioned at the same distance from the
center of the grinding machine’s main shaft (95 mm). Therefore, this variable did not exert
an influence on the grinding process. This distance of 95 mm refers to that from the tip
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of the nozzle to the center axis of the grinding wheel. Previous tests with several nozzle
positions were carried out, so this position was the one that provided the proper access of
the cutting fluid to the cutting zone for this grinding wheel–workpiece system. The control
of the oil spray flow by the compressed air jet of the MQL technique was performed using
a syringe pump specially designed for this purpose (Figure 3). An Arduino board with
adequate programming connected to a potentiometer was responsible for adjusting the
flow rate. The selected MQL flow rate was 150 mL/h, and the compressed air pressure
was 0.3 MPa. This flow rate of the MQL technique and MQL air pressure was set based
on previous studies [18,21,22] carried out in the same laboratory as this current work was
developed. In addition, a study produced by Abrão et al. [24] indicated that grinding with
a flow rate of 150 mL/h generated the best surface quality of workpieces compared to the
flow rate of 60 mL/h.

Regarding solid particles, in the case of the addition of multilayer graphene, they
were produced and prepared at the Laboratory of Thin Films and Plasma Processes of the
Department of Applied Physics at ICTE, Federal University of Triângulo Mineiro. Then,
they were dispersed in the cutting fluid at a concentration of 0.05% by weight. The choice
of this concentration was based on previous studies carried out by Paiva et al. [21] and
Oliveira et al. [18] in grinding of bearing steel and nickel alloy, respectively. They used the
same grinding machine, oil (Vasco 7000), and coolant delivery system. They observed that
the concentration of 0.05 wt% provided the lowest roughness values, best surface finish, and
slightest microhardness variations, compared to 0.025, 0.075, and 0.1 wt% concentrations.
The term “multilayer graphene” was taken from other studies that evaluated similar solid
particles used in this work, for instance, the work developed by Oliveira et al. [18] in
the grinding of Inconel 718 alloy with an SiC grinding wheel. Additionally, according to
Rouxinol et al. [25], it can be considered that isolated flakes with a thickness between 5 nm to
30 nm and with a number of layers greater than five are called multilayer graphene. Wong
and Akinwande [26] highlight that graphene can serve as a basis for other carbon structures
and developed a table indicating the properties of carbon allotropes, thus facilitating their
distinction (Table 3).

Figure 3. Schematic of the MQL coolant system delivery [27].
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Table 3. Allotropes of graphene [26].

Dimension 0D 1D 2D 3D

Allotrope C60 Buckyball Carbon nanotubes Graphene Graphite

Structure Spherical Cylindrical Planar Stacked planar

Hybridization sp2 sp2 sp2 sp2

Electronic properties Semiconductor Metal or semiconductor Semi-metal Metal

The preparation of multilayer graphene occurred through the mechanical exfoliation
of graphite, the natural graphite being obtained by Nacional de Grafite Ltd.a, Itapecerica,
Brazil. At the end of the preparation process, the multilayer graphene platelets had a size
on the order of 1 µm to 20 µm and a thickness between 1 nm and 30 nm. The dispersion of
MLG in the oil was made with the aid of a commercially available ultrasonic bath system
manufactured by Soniclean Sanders Co. (Santa Rita do Sapucaí, Brazil) at a frequency
of 40 kHz, with a reservoir capacity of 6 L, and at room temperature for 2 h, and time
optimized for the complete dispersion of the graphene platelets in the oil herein studied.
Thus, over time, some agglomeration of these solid particles could occur. Then, before
carrying out each experimental test, the fluid containing multilayer graphene was placed in
a vessel and taken to ultrasonic again, aiming for the complete dispersion of the multilayer
graphene into the cutting fluid. Figure 4 shows the fluid (oil only) appearance before and
after the dispersion of the graphene platelets.

Figure 4. Semisynthetic cutting fluid: (a) pure; (b) with dispersed graphene platelets.

Table 4 presents some properties related to the different cooling–lubrication condi-
tions employed.
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Table 4. Properties of the cutting fluids at 25 ◦C employed in the experimental tests.

Cooling–Lubrication Conditions Thermal Conductivity
(W/mk)

Kinematic Viscosity
(mm2.s−1)

Dynamic Viscosity
(mPa.s)

Specific Mass
(g/cm3)

Conventional (without solid
particles—Emulsion at 1:19 dilution) 0.602 ± 0.001 1.084 ± 0.002 1.080 ± 0.002 0.997 ± 0.000

MQL (oil without added water and
without solid particles) 0.314 ± 0.000 151.367 ± 0.148 148.542 ± 0.144 0.981 ± 0.000

MQL–Graphene (0.05% wt.) 0.321 ± 0.001 166.692 ± 2.472 163.407 ± 2.392 0.980 ± 0.001

The cutting fluids characterization procedure was carried out at the Energy, Thermal
Systems and Nanotechnology Laboratory (LEST-NANO), at the Faculty of Mechanical
Engineering of the Federal University of Uberlândia. The measurement of viscosity values
was performed with the aid of an Anton Paar, Stabinger viscometer, model SVM 3000 (São
Paulo, Brazil), with three measurements (measurement + two replicates) being performed
for each fluid sample evaluated. For thermal conductivity measurement, a Linseis THB-1
conductivity meter was also present in LEST-NANO.

The influence of cutting fluid containing graphene platelets compared to the conven-
tional technique and MQL without the addition of graphene was evaluated by measuring
the surface roughness and microhardness, in addition to the analysis of ground surface
images. Ra and Rz roughness parameters were measured through a portable surface rough-
ness tester Taylor Hobson, model Surtronic S-100 (São Paulo, Brazil), with a resolution of
0.01 µm. The measurement of this parameter occurred on five regions on the machined
surface, and a cut-off of 0.8 mm and a sampling length of 4 mm were employed. All
measurements were performed on the faceplate, ensuring parallelism with the measuring
surface under controlled temperature and humidity conditions. Furthermore, since the
two surfaces of the workpiece were ground, the pieces were fixed in a precision vise to
guarantee rigid support and no interference of positioning errors in the measurements.

Before the microhardness measurements, ground workpieces were sanded employing
silicon carbide sandpapers with 220, 320, 600, 800, 1000, and 1200 mesh and then polished
using alumina paste of 0.1 µm size (metallography technique). Although the choice of
carrying out the polishing process before measuring microhardness was due to in other
works on grinding, the polishing process was also used successfully before the measure-
ment of microhardness, as in a study developed by Silva et al. [28], Moraes et al. [29],
Srivastava et al. [30], Javaroni et al. [31], and Garcia et al. [32]. The microhardness was
evaluated using a SHIMADZU HMV-2 series hardness tester with a Vickers penetrator
(Barueri, Brazil). A load of 490.3 mN (0.05 HV) was applied for 15 s to measure this param-
eter. The start of measurements occurred from 30 µm below the ground surface at intervals
of 30 µm (Figure 5). Three measurement cycles were performed, in different regions, in
order to obtain the average microhardness values.

The ground surfaces were analyzed using a scanning electron microscope (SEM),
model TM3000 (São Paulo, Brazil), equipped with an energy dispersive spectroscopy (EDS)
device to verify cracks and adhered material in addition to the marks originated from the
process. For this, the pieces were cleaned with the aid of a sonicator and a vessel with
pure acetone to remove chips, impurities, and even cutting fluid left on the workpieces’
surfaces. Before the analyzes, the samples were fixed in a miniaturized precision vise
within the SEM.
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Figure 5. Measurement microhardness (µm).

3. Results and Discussion

This section presents and discusses the results of surface roughness, microhardness pro-
files, and the ground surfaces’ images obtained after the grinding of the SAE 52100 hardened
steel with a white aluminum oxide grinding wheel under various cutting conditions.

3.1. Surface Roughness

The roughness results for Ra and Rz parameters of all cooling–lubrication conditions
employed are presented in Figures 6 and 7, respectively. Again, the values are grouped
according to the radial depth of cut (ae) and workspeed (Vw).

In general, Ra and Rz roughness parameters increase with the increase of the radial
depth of cut (ae), and this behavior is best visualized in the parameter Rz. Although Ra is
one of the most used parameters, it does not depict flaws because it is an arithmetical mean
roughness parameter. Therefore, other parameters are necessary for better characterization
of the irregularities of the surface [33], such as the average pick-to-valley roughness Rz.

According to Malkin and Guo [34], the increase of the variable ae causes increased
abrasive grits acting during the process. Consequently, the contact time of these with the
workpiece, and thus the portion of material removed by each abrasive becomes smaller,
favoring the formation of thin and elongated chips. Therefore, there is a higher fraction
of friction and scratching between the chips and the workpiece, causing the temperature
rise in the cutting region, in addition to the increased roughness of the workpiece, cutting
forces, and acoustic emissions.
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Figure 6. Roughness values, Ra, for the SAE 52100 hardened steel obtained after peripheral surface
grinding in different cooling–lubrication and cutting conditions.

Figure 7. Roughness values, Rz, for the SAE 52100 hardened steel obtained after peripheral surface
grinding in different cooling–lubrication and cutting conditions.

As can be seen from Figure 6, the tests performed with a radial depth of cut of 30 µm
showed a more uniform trend compared to the use of ae = 10 µm. Moreover, for the Ra
parameter, in some tests the average value obtained with the employment of ae = 10 µm
was higher than that performed using ae = 30 µm. One possible explanation concerns the
machine having a certain gap in the system for selecting the radial depth of cut value, and
in the case of an ae value of 10 µm, this gap becomes more significant due to the magnitude
of the variable. In this sense, the minimum cutting thickness may not be reached, thus only
deforming material without actually causing the chip to be removed, negatively affecting
the surface roughness. According to Lin et al. [35], the depth of the abrasive grits during
the grinding process is a factor of significant influence on the morphology of the machined
surfaces, that is, on the finish and, consequently, on the roughness values of the ground
components. Therefore, the depth of grits plays an essential factor in chip formation
during grinding. If the grit or setting depth is insufficient to generate the minimum
cutting thickness, only deformation of the material occurs instead of the removal stage and
consequently chip formation.

In order to measure the difference in the analyzed roughness parameters (Ra and Rz)
by varying the radial depth of cut from 10 to 30 µm and the workspeed from 3 to 7 m/min
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and to be able to identify any trend, Tables 5 and 6 were prepared, which presents the
results obtained for the different cooling–lubrication conditions.

Table 5. Influence of the radial depth of cut on the Ra and Rz roughness parameters.

Cooling–Lubrication Condition Workspeed (m/min) Roughness Parameter Percentage Variation (%)

Conventional
3

Ra 55.7

Rz 70.9

7
Ra 60.1

Rz 42.9

MQL
3

Ra 14.4

Rz 34

7
Ra 25.4

Rz 33.7

MQL + Graphene
3

Ra −10.8

Rz 2.6

7
Ra 9.0

Rz 14.6

Table 6. Influence of the workspeed on the Ra and Rz roughness parameters.

Cooling–Lubrication Condition Radial Depth of Cut (µm) Roughness Parameter Percentage Variation (%)

Conventional
10

Ra 30.54

Rz 26.87

30
Ra 34.23

Rz 6.11

MQL
10

Ra 42.08

Rz 14.67

30
Ra 55.84

Rz 14.43

MQL + Graphene
10

Ra 25

Rz 7.19

30
Ra 52.75

Rz 19.74

As shown in Table 5, the MQL + Graphene cooling–lubrication conditions resulted
in the lowest percentage variation of the values obtained. At the same time, the con-
ventional cutting fluid application was responsible for the most remarkable variations
with the increase in radial depth of cut. Regarding the influence of the workspeed varia-
tion (Table 6), similar behavior was observed for all the cutting and cooling–lubrication
conditions evaluated, and for all conditions, the increase in Vw increased in Ra and Rz.

The increase of the workspeed (Vw) also caused an increase in the roughness param-
eters. This result is explained based on the equivalent chip thickness (heq). According
to Rowe [1], the increment of this variable leads to an increase in the material thickness
that is removed in an entire revolution by the grinding wheel, that is, the parameter heq(

heq = ae · Vw
Vs

)
. Thus, with an increase in the equivalent chip thickness, the tensile stress

on the abrasive grits and, consequently, on the shearing forces increase, and deterioration
of the workpiece’s roughness occurs. As can be seen in Figures 6 and 7, the increase in Vw
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from 3 m/min to 7 m/min resulted, in general, in the increase in the Ra and Rz roughness
parameters, and for the parameter Rz, this increase is better visualized through the analysis
of the results obtained after the experimental tests employing the highest radial depth of
cut value (ae = 30 µm). This behavior was also demonstrated in Table 4, where for all the
conditions of cutting and cooling–lubrication evaluated, it was observed that the increase
in the workspeed indicated an increase in the Ra and Rz roughness parameters. The in-
fluence of the variables radial depth of cut and workspeed was evaluated by Tawakoli
et al. [36]. The authors performed plunge surface grinding of 100Cr6 steel (SAE 52100)
with an aluminum oxide grinding wheel under different cutting and cooling–lubrication
conditions (dry, MQL, and conventional), using three values of workspeed (2.5 m/min,
5 m/min, and 10 m/min) and four radial depths of cut (5 µm, 10 µm, 15 µm, and 25 µm).
It was observed that the roughness parameters evaluated (Ra and Rz) increased with the ae
and Vw, and, in general, the cooling–lubrication technique that obtained the best roughness
results was MQL. Sadeghi et al. [37] also verified increased roughness (Ra) with ae and Vw.

Among all the cooling–lubrication conditions employed, multilayer graphene platelets’
addition to the cutting fluid contributed to the surfaces with the lowest roughness values.
These particles act by reducing the friction between the grinding wheel and the workpiece,
thus favoring the achievement of better-finished surfaces. Research by Gao et al. [38]
investigated the tribological performance of vegetable cutting fluid containing platelets
of carbon nanotubes (CNT) during friction tests simulating the grinding process, using
AISI304 steel and an aluminum oxide wheel (WA80H12V). The addition of the CNT
platelets contributed to the increase in the cutting fluid viscosity, resulting in a stable
tribo-film and thus in the improvement of the lubricating properties of the fluid, and
consequently, positively affecting some variables used to analyze the surface and sub-
surface integrity of ground components, such as roughness. The study of the behavior
of the efficiency of the addition of particles in cutting fluids in the grinding processes
of steel with the aluminum oxide grinding wheel also occurred in a study developed by
Huang et al. [12]. They tested the addition of multilayer carbon nanotubes to the cutting
fluid (0.25% by weight) under different cutting and cooling–lubrication conditions. When
comparing the results obtained with the condition MQL + carbon nanotubes with those
obtained by the MQL condition without solid particles, the authors reported that the
lower values of roughness were obtained in the carbon nanotubes’ presence because these
nanoparticles act in the improvement of the lubricant property of the cutting fluid. Mao
et al. [39] also observed a positive influence of the addition of Al2O3 particles in the cutting
fluid in the grinding process of the 52100 hardened steel (100Cr6), where the roughness
values obtained by using the MQL + Al2O3 condition were comparable to those found in
the tests performed using the conventional cutting fluid application technique (flooding).

Analysis of variance (ANOVA) was performed to evaluate the influence of the input
variables (radial depth of cut, workspeed, and cooling–lubrication condition) and the
interaction between them. Analysis of variance (ANOVA) was performed using Excel
2016 software. The p-values of these variables are presented in Table 7, where p-value
< 0.05 (for statistical reliability of 95%) represents that the variable is significant for the
roughness parameter, whereas p-value > 0.05 indicates that it is not significant. As shown
in Table 7 through the p-value analysis, only the workspeed (Vw) significantly influenced
the Ra roughness parameter. On the other hand, only the radial depth of cut significantly
influenced the parameter Rz. In Figure 8, the graphs show the trend effect of the input
variables on the roughness parameters of Ra and Rz. As can be observed, the increase of
ae and Vw was responsible for raising the values of Ra and Rz, while with respect to the
cooling–lubrication conditions, the addition of the graphene platelets to the cutting fluid
contributed to obtaining the lowest values for both roughness parameters. The increase in
ae provided an average increase in Ra of 24.53% (Figure 8a) and for the parameter Rz of
32.34% (Figure 8d), while the increase in Vw indicated an average increase of 40.21% for
Ra (Figure 8b) and 13.97% for Rz (Figure 8e). In addition, among the cooling–lubrication
conditions, MQL + Graphene was responsible for obtaining surfaces with lower roughness
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parameters (0.4595 µm for Ra (Figure 8c) and 3.31 µm for Rz (Figure 8f)) than conventional,
which in general presented the more significant 0.497 µm for Ra (Figure 8c) and 3.88 µm
for Rz (Figure 8f).

Table 7. Analysis of variance (ANOVA) for the roughness parameters Ra and Rz.

Roughness Ra

Variable: p-Value:

Radial depth of cut (ae) 0.129180
Workspeed (Vw) 0.009680

Cooling–lubrication condition 0.693180
ae × Vw 0.337276

ae × cooling–lubrication condition 0.488348
Vw × cooling–lubrication condition 0.862392

Roughness Rz

Variable: p-Value:

Radial depth of cut (ae) 0.005487
Workspeed (Vw) 0.266157

Cooling–lubrication condition 0.534639
ae × Vw 0.953124

ae × cooling–lubrication condition 0.085822
Vw × cooling–lubrication condition 0.996517

Figure 8. Cont.
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Figure 8. Effect of the input variables on the roughness parameter: (a) ae in Ra; (b) Vw in Ra; (c) cooling–lubrication
conditions in Ra; (d) ae in Rz; (e) Vw in Rz; (f) cooling–lubrication conditions in Rz.

3.2. Microhardness

The plots of the Vickers microhardness profiles for grinding of SAE 52100 hardened
steel with the three cooling–lubrication conditions are presented in Figure 9. The dashed
line represents the microhardness value of the material before the grinding process (737 HV).
Thus, each point in the graph corresponds to the average of three measurements taken in
different regions, but at the same depth of the ground surface, for each workpiece.

According to the input variables for all the cooling–lubrication conditions employed,
the behaviors of the microhardness values were similar. For all tests performed in the
region close to the ground surface, there was a drop in microhardness in relation to the
reference microhardness, and then the microhardness values increased with the distance
from the machined surface. This behavior was probably due to the occurrence of excessive
tempering, which was caused by the high temperatures developed in the process, causing
the material in these regions to present a more ductile behavior, and thus presented a
reduction in microhardness values [34]. Among all the input variables evaluated, the
increase in parameter ae was responsible for causing the most significant microhardness
drops, as shown in Table 8, which presents the percentage drop in microhardness values in
the region closest to the ground surface. When there is an increase in ae, a more considerable
amount of abrasive grits come into contact with the workpiece, thus increasing the area and
the contact time, directly influencing the cutting region temperatures and, consequently, the
chances of occurrence of thermal damage to the ground component [40]. Huang et al. [12]
also observed this behavior in the peripheral surface grinding of NAK80 steel, and the
increase of ae resulted in the elevation of temperature values, consequently increasing the
possibility of thermal damage. During the grinding of 20CrMnTi steel, Zhang et al. [41]
observed a reduction in the hardness of the material with the increase of the radial depth of
cut, and the authors explained that this behavior was due to the increase of the contact area
grinding wheel/workpiece and, consequently, the number of particles acting in the cutting
zone. As the value of ae increases, the undeformed chip thickness per grit and the heat rate
also increase, resulting in microstructural changes in the ground workpiece, reducing the
material’s hardness. The tests performed using the lowest workspeed (3 m/min) resulted in
the most significant microhardness drops. For all cooling–lubrication conditions employed,
the most significant drops were found in the tests using the most severe cutting conditions
(ae = 30 µm). In the tests using the radial depth of cut of 30 µm, the most significant drop
caused by the variation in the workspeed was found in the conventional cooling–lubrication
condition, this drop being 28.1%. This behavior is explained by Rowe [1] as due to the time
of contact between the grinding wheel and workpiece. The use of low workspeed (Vw)
increases the possibility of thermal damage to the machined component since the process
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energy is concentrated in the contact region of the grinding wheel/workpiece for a more
extended period.

Figure 9. Microhardness values below the surface for the SAE 52100 hardened steel obtained after
peripheral surface grinding with aluminum oxide grinding wheel under different cooling–lubrication
conditions: (a) conventional; (b) MQL; (c) MQL + Graphene.
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Table 8. Percentage drop in microhardness values in a region close to the ground surface.

Cooling–Lubrication Condition Workspeed (m/min) Radial Depth of Cut (µm) Percentage Drop in Relation to
the Reference (%)

Conventional

3
10 9.50

30 37.92

7
10 11.60

30 13.70

MQL

3
10 15.06

30 21.44

7
10 8.00

30 10.24

MQL + Graphene

3
10 11.40

30 15.06

7
10 8.75

30 17.10

In the tests performed using conventional and MQL cooling–lubrication conditions,
it can be stated that the employ of ae = 30 µm and Vw = 3 m/min resulted in thermal
damage to the ground component due to the high drop in microhardness values in com-
parison with the average microhardness of the material before the process. The cooling–
lubrication conditions responsible for obtaining the smallest microhardness decreases were
MQL + Graphene. The addition of solid particles to the cutting fluid contributed to im-
proving the lubricant and thermal properties of the same (heat transfer), thus reducing the
friction, cutting forces, and heat generated and diminishing thermal damage to the ground
component [42]. In general, considering the more severe condition using ae = 30 µm and
Vw = 3 m/min, the use of graphene (MQL + Graphene) resulted in only a 15% reduction
in the microhardness obtained after the grinding test, in the region closest to the ground
surface, followed by the application of MQL without graphene, with 21%, and by the
conventional condition, with 38%, as can be seen in Table 8. Furthermore, through the
analysis of Figure 9, it can be stated that the thermal damages, represented by the micro-
hardness variation, extended below the ground surface (the extent to which it was possible
to observe the microhardness variation until reaching the average microhardness of the
material) up to approximately 150 µm for the MQL + Graphene condition, 250 µm for
the MQL condition, and 400 µm for the conventional condition. This result shows that
graphene platelets to the cutting fluid positively influenced the process by minimizing
thermal damage to the ground component under the investigated conditions. In other
words, this behavior demonstrates the benefit of adding solid particles to the cutting fluid
in terms of the sub-surface integrity of the ground components. The dispersion of the
graphene platelets mainly contributes to the increase of the lubricating capacity of the fluid,
thus reducing the generation of heat in the cutting zone and, consequently, the reduction of
the area affected thermally by the portion of the heat that is directed to the workpiece. Con-
sequently, some mechanical properties, such as hardness, are also less affected. As can be
seen, compared to the MQL + Graphene condition, the MQL and conventional conditions
showed an extension of thermal damage, respectively, 166.7% and 266.7% higher.

The p-values obtained by ANOVA for the microhardness are shown in Table 9. It was
observed that with a 95% confidence interval, the radial depth of cut, workspeed, and the
cooling–lubrication conditions, in addition to the interactions of ae with Vw, and ae and
Vw with the cooling–lubrication condition, significantly influenced the results obtained.
Figure 10 shows the behavior trends of the microhardness with changes in the cutting
conditions. The increase of the radial depth of cut and the reduction of the workspeed
resulted in lower values of the average microhardness. MQL + Graphene presented
the average value closest to the material’s initial microhardness (737 HV). As shown in
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Figure 10, the increase in radial depth of the cut from 10 µm to 30 µm provided a 3.6%
reduction in the microhardness value, where this percentage was obtained by reducing
the workspeed by 7 m/min; for 3 m/min, it was 3.29%. Regarding the cooling–lubrication
conditions, the MQL and conventional conditions showed decreases in microhardness,
respectively, equal to 0.7% and 5.98% in relation to the MQL + Graphene condition.

Table 9. Analysis of variance (ANOVA) for the microhardness values.

Variable p-Value

Radial depth of cut (ae) 0.000803

Workspeed (Vw) 0.002356

Cooling–lubrication condition 0.00000255

ae × Vw 0.038352

ae × cooling–lubrication condition 0.004386

Vw × cooling–lubrication condition 0.007282

Figure 10. Effect of the input variables on the microhardness: (a) ae; (b) Vw; (c) cooling–lubrication conditions.

3.3. Images of the Ground Surfaces

The scanning electron microscope (SEM) images of the SAE 52100 hardened steel
ground surfaces under different cutting and cooling–lubrication conditions are shown in
Figure 11. The ground surfaces presented a similar pattern, with grooves mainly oriented
in the cutting direction and regions containing flaws and material side flow, followed by
adhered material. Usually, grooves oriented in the cutting direction are preferable, as this
indicates that the grits have been active and removed the material from the workpiece.
Nevertheless, the flaws, material side flow, and adhered material represent surface defects.
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These events usually occur due to the deficiency of the cooling–lubrication conditions
in cooling and/or lubricating the system. In other words, the surfaces that present the
most significant amount of these defects result from tests performed with unfavorable
tribological conditions [31,43]. Majumdar et al. [44] also point out that processes with better
cooling and lubricating properties keep the abrasive grits sharpened for longer, resulting
in a machined surface with a better surface texture with fewer defects.

Figure 11. SEM images of the ground surfaces obtained employing different cutting and cooling–lubrication conditions.

In the more severe cutting conditions (ae = 30 µm), a more significant number of areas
with flaws, material side flow, and grooves were found that were not so uniform, with
a greater thickness and depth than the tests carried out using ae = 10 µm. This behavior
was also observed in a study developed by Li et al. [45], who reported the presence of
only elastic and plastic deformations after machining at the lowest values of ae, while the
more significant number of areas with plastic deformations and consequently material side
flow, in regions with material chipping (flaws), that adversely affect surface finishing were
observed after machining with the highest values of ae. In general, the workspeed variation
did not significantly change the results regarding the quality of the ground components’
surface textures. Nevertheless, it was possible to observe that the surfaces obtained after
the tests carried out using the workspeed of 3 m/min showed a more significant amount
of material side flow and flaws compared to the surfaces originating from the tests using
Vw = 7 m/min, especially in more severe cutting conditions (ae = 30 µm). According to
Rowe [1], the use of low workspeed values results in a longer contact time between the
grinding wheel and the workpiece, making the energy generated in the process become
concentrated in the cutting zone for a longer time and, therefore, being unfavorable with
respect to the finish of the machined components. No cracks were found in any sample of
SAE 52100 steel under the cooling–lubrication conditions investigated.

Among all the evaluated cooling–lubrication conditions, the use of the cutting fluid
containing dispersed multilayer graphene platelets was responsible for the better finishing
surfaces, while the surfaces obtained through the conventional condition were the worst.
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The surfaces obtained after grinding using the MQL + Graphene cooling–lubrication
conditions showed less plastic deformation and material side flow, as well as and adhered
material, and practically no flaws, and the grooves generated showed greater uniformity
and less depth. The addition of graphene platelets improves cutting fluid properties, such
as increased viscosity and solid lubricants at the grinding wheel/workpiece interface.
Thus, there is greater lubrication of the system, reducing the friction generated during
machining and facilitating the cutting of the material, contributing to the generation of
components with better surface texture [46]. Although solid particles also significantly
increase fluid viscosity, this cutting fluid was used in the grinding process through the
MQL cooling–lubrication condition. In this condition, tiny fluid droplets are propelled
employing compressed air (0.3 MPa) to the cutting zone. Thus, nozzle blocking due to
graphene platelets is practically unlikely for this condition. Furthermore, it was observed
that the significant increase in viscosity provided better lubrication of the contact region
between the grinding wheel and the workpiece, resulting in surfaces with a better surface
finish. Huang et al. [12] observed the positive influence of the addition of MWCNT
(multi-walled carbon nanotube) platelets to the cutting fluid on NAK80 steel ground
surfaces compared to dry and MQL tests applying pure fluid, which they attributed to the
formation of a thin film, under high pressure and temperature, on the surface, improving
the lubrication of the cutting region and, thus, producing machined surfaces with better
quality. The dispersion of solid particles to the cutting fluid also improved the surface
texture of AISI 52100 hardened steel submitted to the grinding process in a study developed
by Mao et al. [39].

In the analysis by scanning electron microscopy (SEM) and an energy dispersive
system (EDS) aid, graphene platelets were found on all ground surfaces using the MQL +
Graphene cooling–lubrication conditions, regardless of the cutting conditions employed,
as observed in Figure 12. The surface shown in Figure 12 refers to tests performed using
cutting conditions ae = 10 µm and Vw = 7 m/min. This result is beneficial because these
particles can act as solid lubricants, thus reducing the friction during the use of these
components and facilitating the heat exchange between the piece and the environment due
to the good thermal properties of graphene.

Figure 12. Results of the analysis (EDS) of material on the workpiece’s surface evidencing the
presence of graphene platelets after the grinding.
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4. Conclusions

According to the experimental results obtained with peripheral surface grinding of
SAE 52100 hardened steel under different cutting and cooling–lubrication conditions, the
following conclusions can be drawn:

• The Ra parameter recorded for SAE 52100 steel grade stayed below 0.63 µm, which is
considered the upper limit for semi-finishing grinding. Roughness parameters Ra and
Rz increased with the radial depth of cut (ae) and the workspeed (Vw);

• Presence of graphene generated surfaces with lower roughness values than conven-
tional that, in general, present larger values;

• With respect to the microhardness values, it was observed that the conventional
condition generated the highest drop (38%) in relation to the initial microhardness of
the material (before grinding process), and under certain conditions, these falls, due
to the magnitude, represented the presence of thermal damage to the component;

• The use of the MQL + Graphene generated the lowest variation of microhardness
values (15%). The increase of ae and the reduction of Vw resulted in the most sig-
nificant drop with respect to the initial microhardness of the material (before the
grinding process);

• As the radial depth of cut increased, areas with plastic deformation, material side
flow, flaws, and adhered material also increased. Regarding the cooling–lubrication
conditions, it was possible to observe that the surfaces with better surface texture were
obtained after grinding tests using the MQL + Graphene condition;

• In order to evaluate the influence of the cooling–lubrication conditions based on the
parameters’ roughness, microhardness, and analysis of surface machined, the order of
performance of these conditions in relation to the cutting parameters employed was
1st MQL + Graphene, 2nd MQL, and 3rd Conventional.
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