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Abstract
This study investigates the effects of applying two vegetable and one mineral-based cutting �uids with 0.05 %wt and
0.1 %wt dispersion of graphene sheets on the tribosystem generated at the interface between the cemented carbide
tool and the AISI 1045 steel workpiece. The �uids are �rstly characterized (viscosity, thermal conductivity and
diffusivity, and wettability) and tested in reciprocating and ramp milling tests. The results show that the graphene
sheets alter the thermo-physical and tribological properties of the cutting �uids; in this case, vegetable-based cutting
�uids, even in minimum quantities and with graphene nanoparticles, have a high potential for increasing the
e�ciency and sustainability of the milling process.

1 Introduction
Understanding the machining interface's tribological behavior is crucial for modeling material removal processes
using a de�ned geometry tool. To date, no model adequately describes the friction in the cutting areas [1]. Therefore,
advances in understanding the contact conditions, the plastic deformation behavior, and the cutting temperatures
involved contribute to describing the tribological behavior in this type of chaotic tribosystem [2, 3]. Among the
various factors that affect the friction coe�cient at the cutting interface, the type of work and tool materials, tool
geometry, tool wear, and lubricating conditions can be highlighted. These factors are responsible for changes in the
machining forces and heat generated in the cutting zones, and as such, they continuously change the tribosystem's
behavior [4].

Tribological tests can help simulate the machining tribosystem, thus helping in understanding the friction coe�cient
behavior and tool wear [5, 6]. However, conventional tribometers can reproduce the friction coe�cient at the cutting
interface but with reservations because of the low relative velocities, contact pressures, and temperatures at the
interface between the workpiece and the counterbody compared to the machining conditions [7, 8], resulting in poor
quantitative predictions [3]. One alternative for better simulation is to adapt machine centers as open tribometers [3,
9]. This type of tribometers is often presented as an alternative to a more detailed investigation of the tribological
aspects of machining [10], thus allowing for the use of test parameters that are closer to those used in actual
machining conditions [2, 11, 12].

To reduce friction and heat generation during machining, cutting �uid is typically used. The lubricating e�ciency
depends on the �uids' ability to penetrate and form a lubricant �lm at the workpiece-tool-chip contact regions to
reduce friction and decrease material adhesion on the tool [13, 14]. Tribo�lm formation reduces friction between
contact surfaces, reducing heat generation and wear [15]. The literature is scarce regarding the tribological effects of
graphene sheets in the cutting �uid on the machining process [16]. However, because of the atoms' covalent bonds,
graphene presents excellent mechanical properties [17] and can act as an extreme pressure self-lubricating system
that justi�es its tribological applications [18]. Furthermore, graphene increases the cutting �uids' wettability [19] and
reduces the machining temperature regardless of the �uid �ow applied [20]. Past studies indicate that the use of
graphene combined with other particles such as aluminum oxide (Al2O3) [21] and silver (Ag) [22] can further enhance
their tribological behavior in the machining process.

This paper aims at investigating the in�uence of the addition of graphene sheets (two concentrations: 0.05 % wt and
0.1 % wt) in three different cutting �uids (two vegetable and one mineral-based) on their thermo-physical and
tribological properties during reciprocating and face milling tests, the latter used as an open tribometer [3, 9].

2 Experimental Methods And Materials
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2.1 Workpiece Materials
In this study, AISI 1045 steel was used as the workpiece material, having the conventional microstructure composed
predominantly of coarse perlite grains and ferrite, according to Fig. 1. The material was characterized regarding its
stress-strain behavior according to the ASTM [23] standard, resulting in an average of ultimate tensile strength of
869 MPa and 13.60% strain, and regarding its hardness according to ASTM [24] standard, resulting in an average
hardness of 262 ± 11.35 HV1.

2.2 Cutting �uids
Three different cutting �uids were evaluated, two of which are manufactured by SpecialMix Industrial Ltda (MQL14
and MQL15) and manufactured by ITW Chemical Products Ltda (LB 1000). Both MQL15 and LB 1000 are vegetable-
based, and the MQL 14 is mineral-based, with the main characteristics of the �uids summarized in Table 1. The three
oils were tested pure and with graphene additions in two concentrations, 0.05 %wt and 0.1 %wt. For the
homogenization of graphene sheets in the oil samples, initially, they were manually stirred up for 5 minutes and then
sonicated for 10 minutes.

Table 1
– Cutting �uids characteristics.

Characteristics MQL14 MQL15 LB1000

Visual aspect Clear, opaque viscous liquid Clear liquid Opaque viscous liquid

Color Light green Red Light blue

Viscosity (cSt) at 40°C 9.5/10.5 60 to 70 39

Flash point (ASTM D92) (°C) > 250 < 180 > 204

Freezing point (°C) -10 -10 -15

Boiling point (°C) > 270 > 270 > 279

density (20/4°C) (kg/l) 0,902 0,920 0,930

Solubility in water Insoluble Insoluble Insoluble

An image of the graphene sheets taken within the scanning electron microscope (SEM) model TESCAN VEGA3 LMU
is shown in Fig. 2. Graphene's morphology resembles a folded sheet composed of multilayers and irregular edges
due to the mechanical exfoliation process [25]. These edge defects originate from breaking carbon in the planes,
causing structural disorder at these points [26]. A sequence of 10 measurements of the dimensions of the sheets
was made, indicating an average thickness of 36.83 ± 3.22 nm.

Graphene sheets were also analyzed using a transmission electron microscope (TEM) JEOL JEM 1200EX-II (TEM).
Figure 3a presents an image of a graphene particle with multiple layers (or sheets) identi�ed by electron diffraction
(Fig. 3b), where the external hexagonal (arrangement of the carbon atoms) has an intensity equal to or greater than
the internal hexagonal. These results are consistent with the studies [27–30] and prove that the graphene particles
added to the �uids are composed of mono and multilayers.

The dynamic and kinematic viscosities and the speci�c mass are important parameters used to evaluate and
monitor the cutting oils. These parameters were measured on an Anton Paar viscometer, model SVMTM 3000. The
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viscometer is accurate to the range described in ASTM D445-18 [31], and the measurement method was according to
ASTM D2270-10 [32].

The tests for measuring speci�c heat, diffusivity, and thermal conductivity were performed on the Transient Hot
Bridge equipment, model Linseis, with a measurement range for speci�c heat from 100 to 5000 kJ/(m3K), diffusivity
from 0.05 to 10 mm2/s, and thermal conductivity from 0.01 to 1 W/(mK). The experiments were carried out at a
controlled temperature of 40 °𝐶, where 2.5 𝑚𝑙 of cutting oil was deposited on the equipment, using 5 ml sterile
syringes. Oils with graphene mixtures were homogenized before testing.

The wettability represents the contact conditions between a solid surface and a liquid through the action of cohesion
and adhesion forces, forming a contact angle, where the lower the angle, the greater will be the wettability of the
liquid [33]. With the wettability test, the characteristic adhesion and spreading of the �uids on a solid surface with
low surface roughness is measured. For the wettability tests, the Krüss easy drop goniometer was used. The test
consisted of depositing a drop of 10 µl of cutting oil on an AISI 1045 steel sample with average surface roughness
less than 0.050 µm, with the dynamic angle measurement being carried out at intervals of 0.2 seconds. In this kind
of test, reactions between liquid and solid, the atmosphere, time, and temperature can all in�uence the results [34].

2.3 Progressive load reciprocate sliding tests
The evaluation of the friction coe�cient of the tribological pair with and without the lubricating oils was carried out
using progressive load reciprocate sliding tests at a frequency of 2 Hz, amplitude of 10 mm, and incremental loading
of 6.867 N at 10-minute intervals. A droplet of 0.5 µl was placed in the contact region between the substrate at every
load increase. The workpiece surface had an average roughness of less than 0.050 µm, and a carbide sphere of 5
mm in diameter was used as a counter body. The tests were completed 5 minutes after the lubricant �lm broke, so
the test time and applied load varied for each condition.

The tests were developed according to the standard test method for linearly reciprocating ball-on-�at sliding wear
[35]. A Universal Plint® Tribometer model TE67 was used, manufactured by Plint & Partners LTD (Fig. 4). This
equipment has a load cell similar to that described in reference [36] for monitoring tangential and normal forces. A
linear variable differential transformer (LVDT) sensor, model RS 646 − 511, was used to measure the position of the
counter body during the tests. The LVDT and load cell data were collected at an acquisition rate of 4 kHz. To ensure
reliability, three repetitions were performed for all tests. The wear tracks were analyzed by scanning electron
microscopy using secondary electrons (SEM-SE) and laser interferometry scanning (Fig. 4c).

2.4 Milling Experiments
The results obtained from the tribological tests were compared with the ramp milling tests results. A CNC machining
center was used in these tests manufactured by Cincinnati Milacron, model Arrow 500, with 5.5 kW of power and a
maximum rotation speed of 6000 rpm. This machining center was adapted as an open tribometer and equipped with
a table dynamometer manufactured by Kistler Instruments AG, model 9272, to measure machining forces in ramp
milling, as shown in Fig. 5.

The machining conditions used in the test are summarized in Table 2. TiAlN coated cemented carbide inserts with
AOMT123608PEER-M VP15TF speci�cations from the manufacturer Mitsubishi Materials (Fig. 5c) were used as
counter bodies. These inserts have a cutting edge length of 12 mm, a cutting radius of 0.8 mm, rake angle of 11°,
and are recommended for machining steel in general. The inserts were attached to a 25 mm diameter tool holder,
with 90° of approach angle, having an ISO 13399 designation or Mitsubishi Materials description
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APX3000R253SA25SA (Fig. 5d). The tool holder had a capacity for three inserts; however, only one was used during
the tests.

In Fig. 5a, the positioning of the two nozzles of the MQL spray system is illustrated, one on the entrance of the tool in
the workpiece and the other at 900 from the �rst. The two nozzles are approximately 15 mm apart from the cutting
edge. To simulate the progressive load reduction in the milling trials, a path on a �at surface for 26 mm with a depth
of 100 µm was used to ramp for an additional 100 mm to zero depth, as illustrated in Fig. 5b. The workpiece surface
was planned before each ramp milling to guarantee the same initial conditions for each test.

To avoid contamination, ethanol was used to clean the workpiece before each test and on the �uid delivery system
when changing lubricants. To guarantee the test results reliability, three repetitions were performed for each cutting
condition, with the tool being changed at the end of the repetitions for any indication of wear. Table 2 shows the
general conditions of the test. In addition, the �ood condition was carried out with the emulsi�able �uid VASCO 1000,
at a concentration of 5%, was also tested for comparisons.

Table 2
– Cutting parameters for the open-tribometer tests.

Fixed input parameters

Work Material: AISI 1045 normalized steel with 100 mm of width, 130 mm of length, and 10 mm of height.

Radial depth of cut (ae): 1.0 x DC (cutter diameter = 25 mm)

Axial depth of cut (ap): 100 µm – to zero

Cutting speed (vc): 200 m/min

Feed rate (fz): 0.1 mm/tooth

Flow rate of the cutting �uid in MQL: 45 ml/h

Air pressure of the MQL: 6 bar

MQL equipment: Bielomatik B1-210

Lubri-cooling conditions

1- Dry

2- Flood cooling with 39.52 ml/s

3- MQL with MQL14, MQL15, and LB1000 oils

4- MQL with MQL14, MQL15, and LB1000 oils with the addition of 0.05 %wt. of Graphene

5- MQL with MQL14, MQL15, and LB1000 oils with the addition of 0.1 %wt. of Graphene

The surface roughness was measured with a portable Time Group Inc pro�ler, model TR220, and resolution of 0.01
µm. In addition, the absolute average roughness parameter (Ra) was measured according to NBR ISO 4288 (2008)
guidelines on the ramp surfaces. Four measurements were also performed on the initial 26 mm of the workpiece,
where the tool traveled horizontally (Fig. 5b).

3 Results And Discussion
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3.1 Fluid characterization
To simplify the graphical representation, the name of the cutting �uid plus 0.05G was used as nomenclature for the
proportion of 0.05 %wt. graphene and 0.1G for the proportion of 0.1 %wt.

As illustrated in Fig. 6, vegetable-based cutting oils (LB1000 and MQL15) showed higher viscosities compared to
mineral-based oil, approximately 45.37% for kinematic viscosity (Fig. 6a) and 48.54% for dynamic viscosity (Fig. 6b),
with the commercial oil, LB1000 being the most viscous among the samples, regardless the presence of graphene
particles. Noteworthy is that the graphene particles slightly increase viscosity in the vegetable oils as their proportion
was increased. In this case, there is an increase in adhesion forces and a decline in molecular movement. This
condition is consistent with the research results involving graphene and other nanoparticles suspended in cutting
�uids [37, 38]. On the contrary, in the mineral-based oil MQL14, the opposing result was found, i.e., the viscosity
decreased slightly with graphene addition. The decrease in viscosity with graphene in the mineral-based �uid can be
explained by the graphene sheets stacking nature, altering van der Waals forces, and increasing the mineral's
adjacent molecular movement. Mineral-based �uids are not polar like vegetable oils [37].

These changes were compared using ANOVA (Table 3) and Tukey tests considering 95% con�dence level, which
proved the increase in the kinematic and dynamic viscosity for vegetable oils and the decrease in mineral oil.

Table 3
– ANOVA for kinematic viscosity and dynamic viscosity.

Kinematic Viscosity

  Sum of Squares DF Mean Square F Value p-value F critical

Model 1607,735 8 200,966 140533,1 0,000 2,208

Error 0,051 36 0,0014      

Total 1607,787 44        

Dynamic Viscosity

  Sum of Squares DF Mean Square F Value p-value F critical

Model 1463,285 8 182,91 162244,4 0,000 2,208

Error 0,04 36 0,0011      

Total 1463,326 44        

Concerning thermal conductivity (Fig. 7a), the vegetable-based oils showed, on average, 34.16% greater heat transfer
capacity as compared to the mineral-based oil MQL14, regardless of the addition of graphene. Furthermore, the
gradual increase of graphene in vegetable-based oils increased the thermal conductivity slightly, as expected and
con�rmed by ANOVA and the Tukey test with a 95% con�dence interval (Table 4 and Table 5).

With the help of ANOVA, it was found that the addition of graphene particles leads to a slight decrease in the thermal
diffusivity of the vegetable-based oil LB1000. However, there is an average difference of approximately 40.46%
(Fig. 7b) of the thermal diffusivity between the vegetable-based oils (MQL15 and LB1000) and the mineral-based oil
(MQL14) regardless of the addition of graphene.
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Table 4
– ANOVA for diffusivity and conductivity thermal.

Thermal Diffusivity

  Sum of Squares DF Mean Square F Value p-value F critical

Model 5,455 8 0,681 142,653 0,000 2,115

Error 0,258 54 4,70E-03      

Total 5,713 62        

Thermal Conductivity

  Sum of Squares DF Mean Square F Value p-value F critical

Model 1,771 8 0,221 14948,8 0,000 2,118

Error 7,85E-04 53 1,48E-05      

Total 1,771 61        

Table 5 presents the Tukey test between pairs for oils that did not show statistical variations with a 95% con�dence
interval.

Table 5
– Tukey test for diffusivity and conductivity thermal.

Tukey test

Pairs Thermal Conductivity Thermal Diffusivity

Mean Difference p-value Mean Difference p-value

LB1000-0,1G / LB1000-0,05G     0,033 > 0,05

MQL15 / LB1000-0,05G     0,014 > 0,05

MQL15 / LB1000-0,1G     -0,018 > 0,05

MQL15-0,05G / LB1000 -0,001 > 0,05    

MQL15-0,05G / LB1000-0,05G     -0,026 > 0,05

MQL15-0,05G / LB1000-0,1G     -0,059 > 0,05

MQL15-0,05G / MQL15     -0,040 > 0,05

MQL15-0,1G / LB1000        

MQL15-0,1G / LB1000-0,05G     0,006 > 0,05

MQL15-0,1G / LB1000-0,1G     -0,027 > 0,05

MQL15-0,1G / MQL15     -0,008 > 0,05

MQL15-0,1G / MQL15-0,05G     0,032 > 0,05

MQL14-0,05G / MQL14     0,024 > 0,05

MQL14-0,1G / MQL14     -0,025 > 0,05

MQL14-0,1G / MQL14-0,05G     -0,049 > 0,05
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The results of the wettability measurement angle are presented in Fig. 8a. The contact angles of pure vegetable-
based oils LB1000 and MQL15 (without the addition of graphene) stabilized with relative values in the last 50
measurement points (averages of 12.33° and 11.07°, respectively for each �uid). On the other hand, MQL14 mineral-
based oil had a low contact angle of 1.53°, indicating a much higher wettability. The p-values in Table 6 show the
average difference between pure �uids with a 95% con�dence interval. When statistically analyzing all cutting �uids,
it concludes that only the wettability of pure MQL15 and LB1000-0.1G �uids are equal in the last 50 measurement
points (Fig. 8b).

Table 6
– Tukey test for pure �uids LB1000, MQL15 and MQL14.

Peer comparison Tukey test for wettability of pure �uids

Mean difference ρ-value

MQL15 / LB1000 -1,2540 0,000

MQL14 / LB1000 -10,7881 0,000

MQL14 / MQL15 -9,5340 0,000

As illustrated in Fig. 8b, according to ANOVA (Table 7) (95% of con�dence interval), there was no signi�cant
difference of wettability between the vegetable-based cutting oils with the use of graphene sheets with 5 seconds of
experiments. However, there are signi�cant differences in mineral-based oil (MQL14), with an average increase of
62.88% for oil with 0.05 %wt graphene and 38.10% for 0.1 %wt graphene, representing a decrease in �uid wettability.
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Table 7
– ANOVA for pure �uids MQL14, MQL15, and LB1000 with 5 seconds in experiments.

Fluids MQL14

  Sum of Squares DF Mean Square F Value p-value F critical

Model 405,226 2 202,613 60,629 0,000 3,354

Error 90,228 27 3,341      

Total 495,455 29        

Fluids MQL15

  Sum of Squares DF Mean Square F Value p-value F critical

Model 25,093 2 12,546 2,499 0,099 3,327

Error 145,591 29 5,02      

Total 170,684 31        

Fluids LB1000

  Sum of Squares DF Mean Square F Value p-value F critical

Model 10,27 2 5,135 1,931 0,177 3,633

Error 42,531 16 2,658      

Total 52,801 18        

3.2 Reciprocate sliding tests
In Fig. 9, the tribological maps of the progressive load reciprocate sliding tests are presented for both dry and
lubricated conditions with the LB1000, MQL15, and MQL14 �uids without the addition of graphene. Under all
conditions, the cutting oils resulted in signi�cant reductions in the average coe�cient of friction (COF), even during
the initial running-in period, where the tribosystem is still in a transient state. The running-in period is usually
attributed to oxidized regions, impurities, and initial roughness of the sample [39, 40], with the improvements in this
tribosystem indicating the potential of these �uids as boundary lubricants.

For all conditions evaluated in Fig. 9, electrical contact potential was high in the initial cycles due to the running-in
period [41, 42]. After stabilizing the tribo�lm, also called steady-state, the �lm was broken in about 2000 cycles for
the dry test. Contrary to expectations, this resulted in a decrease in the friction coe�cient. The lubricating �lm's
presence resulted in a relatively null electrical contact potential after the running-in period for the lubricated tests. It is
noteworthy that the LB1000 �uid presented considerably fewer contact peaks related to momentary breaks in the
tribo�lm, probably due to the stick-slip phenomenon [42].

With the aid of ANOVA and 95% of con�dence interval (Table 8), it was observed that the addition of graphene sheets
to the cutting oils LB1000 and MQL14 neither reduced the friction coe�cient (COF) (Fig. 10a) nor the electrical
contact potential (POT) (Fig. 10b). It did not increase the number of cycles (Fig. 10c) supported in the tests. However,
in the vegetable-based MQL15, graphene sheets reduced the COF, resulting in more cycles that provided more
signi�cant support for loads and lower COF than LB1000. Amazingly, the mineral-based oil MQL14 (with and without
graphene) exceeded 40,000 programmed cycles and a force of 116.74 N.
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Table 8
– p-value for all �uids.

p-value for experimental conditions

Experiment conditions Maximum force COF POT Cycles

MQL15 �uids 0,578 0,004 0,988 0,798

MQL14 �uids   0,838 0,268  

LB1000 �uids 0,125 0,678 0,496 0,173

Figure 11 shows the 3D pro�les of the wear tracks of the workpiece samples. This pro�le was obtained through the
topographic mapping, using secondary electrons during the analysis within the scanning electron microscopy (SEM).
Table 9 shows the average forces achieved in these tests. In the dry tests, the �attening and the occurrence of craters
along the track are evidenced by the layers' surface's depletion, broken by the friction against the carbide sphere
(counter body). This phenomenon was observed even when a minute force of 13.73 N was applied, and the test
being interrupted at only 4816 cycles.

 

Similar to dry tests, �attening, detachment, lateral displacement, and craters formation are observed in the wear
tracks made with the vegetable-based cutting oils (MQL15 and LB1000). These �uids, however, allowed the tests to
be conducted for a more signi�cant number of cycles before the friction coe�cient showed a considerable increase
(Fig. 10c). This increase in COF at the end of the tests explains why the �nal wear marks' topography presented
aspects similar to the dry tests. The MQL14 �uid did not show a peak friction coe�cient even at the end of the tests,
evidenced by the more homogeneous wear track aspect. Lower contact stresses can explain this homogeneous
aspect from the relatively low friction coe�cient throughout the test.

Table 9
– Average maximum forces applied during the progressive load reciprocate sliding tests.

  Dry LB1000
Pure

LB1000
0.05
%wt

LB1000
0.1 %wt

MQL15
Pure

MQL15
0.05
%wt

MQL15
0.1
%wt

MQL14
Pure

MQL14
0.05
%wt

MQL14
0.1
%wt

Force
(N)

13.73 73.25 73.25 66.38 86.8 91.56 89.27 116.74 116.74 116.74

Figure 12 shows the volume of material removed (VMR) from the workpiece during the progressive load reciprocate
sliding tests using the three cutting oils, determined by the laser interferometry scans. The addition of graphene
sheets decreased the VMR for the MQL14 while increasing LB1000 and MQL15. These results suggest that in the
MQL14 tribosystem, the graphene sheets could have presented a rolling behavior resulting in reduced contact
stresses, corroborated by the smoother aspect of the surfaces indicated in Fig. 11. Conversely, in the other lubricants,
the particles may have acted as abrasives, particularly at the end of the tests, increasing the worn volume.

These results were evaluated with ANOVA with a 95% con�dence interval, where the increase in the volume of
material removal in reciprocating with LB1000 �uids with graphene sheets and reduction in the volume removal with
0.1 %wt. graphene in the MQL14 �uid was observed statistically (Fig. 12b and Table 10). According to the p-value
(0,194) of Table 10, the graphene sheets did not result in statistically variations in the volume of material removed in
the MQL15 �uid.
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Table 10
– p-value for the volume of material removed from the reciprocate tracks.

Fluids MQL14

  Sum of Squares DF Mean Square F Value p-value F critical

Model 1,04E + 13 2 5,20E + 12 6,256 0,034 5,143

Error 4,99E + 12 6 8,32E + 11      

Total 1,54E + 13 8        

Fluids MQL15

  Sum of Squares DF Mean Square F Value p-value F critical

Model 4,10E + 13 2 2,05E + 13 2,173 0,194 5,143

Error 5,65E + 13 6 9,42E + 12      

Total 9,75E + 13 8        

Fluids LB1000

  Sum of Squares DF Mean Square F Value p-value F critical

Model 6,30E + 13 2 3,15E + 13 25,702 0,001 5,143

Error 7,35E + 12 6 1,23E + 12      

Total 7,04E + 13 8        

3.3 Milling ramp tests
For all the evaluated conditions in the milling ramp tests, the ramp's central region showed a linear relationship
between the evaluated forces, following the Coulomb friction model [8, 9, 43]. Therefore, after �nding the region of
linear friction that obeys Coulomb's law of friction, as performed by [9] and illustrated in Fig. 13, it is possible to
calculate the COF on the slope region between the tool and the workpiece, by Eq. (1) [11], where α is the side rake
angle.

 

The machining force (FU) was calculated using Eq. (2) [44] with the measurement of the cutting force (Fc), feed force
(Ff), and passive force (Fp) by the Kistler dynamometer.

∑ η
1μn = tan α + tan −1(FN/FT)

n

1

FU = F2
c + F2

f + F2
ap

2

( )

√
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Figure 14 shows the results of the machining forces (FU) and the friction coe�cient (COF) for the various lubri-
cooling conditions used. The dry cut showed high COF and low FU. This result can be explained based on the friction
and the heat generated in the cutting zone, which reduces the shear resistance of the material. Contrarily, when the
cut is performed under low-pressure �ood cooling conditions, the high amount of cutting oil lubricates while
dissipating the heat generated in the cutting zones, resulting in low COF and high FU.

Corroborating with the results of the tribological reciprocating sliding tests presented in Sect. 3.2, the milling tests
with the MQL15 and MQL14 oils (pure and with graphene additions) showed lower COF. However, the FU was
relatively higher than when using the cutting oil LB1000, with the lower heat generation's probable explanation. The
COF values determined by the open tribometer tests are higher because they represent the conditions closest to the
actual machining, where the chip speed and the load at the machining interfaces are higher. Furthermore, even using
6 bar air pressure in the MQL system, it is not guaranteed that the lubricant will fully reach the machining interfaces
to the point of fully forming the tribo�lm, a condition guaranteed in the experiments with conventional tribometer
(reciprocating tests), where a micro drop of �uid was placed between the tribological pair, guaranteeing a �lm of �uid
from the beginning of the experiment until its rupture. These results are expressive and corroborate with the results
obtained by [9], which indicated the reciprocating sliding tests' potential to represent the machining tribosystem
under conditions of low depth of cut.

The surface roughness results of the milling ramp tests are shown in Fig. 15. The addition of graphene sheets to the
oils contributed to the decrease of the Ra parameters in the experiments, mainly with the dispersion of 0.1% wt. This
decrease can be explained by increasing nanoparticle concentration and the degree of chemical interaction between
the particles and the newly formed surface, which increases the protective �lm between the tribological pairs,
consequently increasing the surface quality [45]. According to ANOVA and Tukey's test (95% of con�dence interval)
shown in Table 11, there were signi�cant differences in the Ra of the vegetable cutting �uids and mineral �uid and
the dispersion of graphene sheets compared to pure �uids.
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Table 11
– p-value and comparison between pairs of surface roughness (Ra) of ramp

milling.
p-value of the statistical analysis of the surface roughness (Ra)

Experiment conditions under analysis p-value Statistically different pairs

Flood, dry and MQL15 �uids 0,000 MQL15 > �ood

MQL15 > dry

MQL15 > MQL15-0,05G

MQL15 > MQL15-0,1G

Flood, dry and MQL14 �uids 5,34E-03 MQL14 > MQL14-0,05G

MQL14 > MQL14-0,1G

Flood, dry and LB1000 �uids 0,000 LB1000 > dry

LB1000-0,05G > dry

LB1000 > LB1000-0,1G

4 Conclusions
This study investigated changes in the thermos-physical properties of the oils, one of mineral and two of vegetable-
based, with and without the addition of graphene nanosheets at proportions of 0.05 %wt and 0.1 %wt. In addition,
the behavior of the friction coe�cient determined by progressive load reciprocate sliding tests and the conditions
generated in the tribosystems of the chip-tool-workpiece interfaces during the ramp milling tests with the application
of the oils by MQL were also studied. The main results allowed the following conclusions to be drawn:

When mixed with cutting oils, graphene resulted in layers of atoms forming sheets with an average thickness of
36.83 nm.

Graphene sheets alter the van der Waals forces and, consequently, the molecular movement of the �uids alters
the thermo-physical properties of the nano�uids. Consequently, a decrease in the viscosity of the mineral �uid
MQL14 and an increase in the viscosity of the vegetable-based �uids MQL15 and LB1000 were observed.
Furthermore, an increase in the wettability of the mineral �uid MQL14 was also veri�ed with the addition of
graphene nanosheets, reaching 62.88% and 38.10% for the mixture with 0.05 %wt and 0.1 %wt of graphene,
respectively. However, as noted in Sect. 3.3, this variation did not signi�cantly change its tribological behavior
but ensured a greater load capacity over time without deteriorating the formed tribo�lm.

Cutting oils with and without graphene showed better tribological behaviors in reciprocating and ramp milling
tests (open tribometer) compared to the dry condition. However, the COF values determined by the reciprocating
sliding tests were low compared to those determined by the machining tests. This can be explained by
combining lower loads and smaller sliding distances, resulting in a tribosystem that does not fully represent the
machining conditions.

Concerning the vegetable-based oils, considered ecologically less aggressive to the environment, the MQL15
showed better lubricating properties in the milling ramp tests than the LB1000 oil, with better conditions for
tribosystems chip-tool-workpiece interfaces. The MQL15 also outperformed LB1000 concerning the number of
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cycles, applied load, COF, surface roughness, and volume of material removed from the wear track in the
reciprocating tests.

The vegetable-based cutting �uids, especially with graphene nanoparticles, have a high potential to increase the
machining process e�ciency and the sustainability of the machining processes.
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Figures

Figure 1

Microstructure of the workpiece material.
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Figure 2

SEM images of the graphene sheets.

Figure 3

TEM images of the graphene particles: (a) multilayers; (b) electron diffraction of the multilayers.
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Figure 4

(a) Universal tribometer Plint® model TE67; (b) Tribometer clamping base; (c) Laser interferometer.
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Figure 5

(a) Experimental setup showing the dynamometer workpiece, cutting tool, and �uid nozzles; (b) View of the ramp-
milled surface; (c) Dimensions of insert AOMT123608PEER-M; (d) Rod APX3000R253SA25SA for �xing the inserts.

Figure 6

Kinematic and dynamic viscosity of the cutting �uids.

Figure 7

Thermal properties of the cutting �uids: (a) thermal conductivity; (b) thermal diffusivity.
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Figure 8

(a) Contact angle of the cutting oils LB1000, MQL15 and MQL14. (b) Boxplot graphs of the values established in the
last 50 measurement points. (c) The contact angle of all cutting oils at 5 seconds of the test.
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Figure 9

Triboscopy maps of the reciprocating sliding tests with progressive loads for the several lubri-cooling conditions
tested (a-b) dry, (c-d) pure MQL14, (e-f) pure MQL15, and (g-h) pure LB1000.
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Figure 10

General results of the reciprocating sliding tests with progressive loads: (a) Coe�cient of friction (COF); (b) Contact
potential (POT); (c) the number of cycles supported by the oil �lm.
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Figure 11

3D pro�les of the wear tracks measured using the SEM images.
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Figure 12

(a) Volume of material removed (µm3/µm2); (b) Box plot.

Figure 13

Identi�cation of the region that obeys the Coulomb friction model in ramp milling [9]. (a) Tangential and normal
forces during the whole ramp path. (b) The central region of the ramp was chosen for evaluation.
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Figure 14

Results of the machining force and friction coe�cient obtained in the ramp milling tests with several lubri-cooling
conditions.
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Figure 15

Illustration of Ra variations for dry and �uid test conditions.


