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Abstract
The minimum quantity lubrication + nanofluid technique has proven to be feasible in machining processes, since it has
shown potential for improvements through its lubri-refrigeration and heat removal characteristics, beyond increase the
surface quality workpiece surface, while minimizing diametrical wheel wear. Also, the nanofluids are associated with
decreasing the grinding power corroborates for process efficiency. In this way, this work evaluates the combination of
the MQL + nanofluid (MQL + Nano) technique and compares its results with the cutting fluid abundant application
(Flood) technique, traditional MQL and MQL associated with wheel cleaning jet (MQL +WCJ). Accordingly, the
process output variables were analyzed: surface roughness (Ra), roundness error, diametral wheel wear, optical micros-
copy and microhardness from the workpiece ground surface, grinding power, specific energy grinding, acoustic emis-
sion, cutting fluid viscosity and transmission electron microscopy of the TiO2 nanoparticle used. The techniques applied
in this work did not cause microstructural alteration in the workpieces, proving that the lubri-refrigeration methods are
efficient. Even though the cutting fluid viscosity decreased by about 60% with the addition of TiO2 nanoparticles and
the application of the MQL + Nano technique proved to be efficient in comparison to the traditional MQL, the MQL +
WCJ application presented the best results among the alternative lubri-refrigeration techniques. Thereby, the MQL +
WCJ corroborated to a better workpiece surface quality, while presented the lower diametrical wheel wear, surface
roughness and roundness error values, contributing to the minimization of the industrial residues and cooperating with
the environment and health of the worker.
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1 Introduction

Due to the increasing demand for solutions that are less ag-
gressive to the environment and economically more efficient
to the production processes, alternative forms of lubri-
refrigeration have been studied continuously to minimize the
environmental impacts caused by cutting fluid application by
flood technique [1]. In machining applications with defined
cutting geometry, the minimum quantity lubrication (MQL)
technique has been used more frequently. However, in unde-
fined cutting geometry processes, such as grinding for exam-
ple, the technique still lacks development, because the high
heat generation caused by the process and the need to combine
excellent finishing characteristics (less than 1.6 μm) and pre-
cision (IT3-IT6) for the ground workpiece becomes difficult
to apply theMQL [2, 3]. The cutting fluid applied by theMQL
technique has good lubricating properties but has a limited
refrigeration capacity, becoming inefficient for the removal
of heat from the cutting interface [4].

There are some different characteristics between the grind-
ing process and the other machining process with defined
cutting geometry because during the grinding process, the
plastic deformations and friction generation occur through
the contact of the countless cutting edge abrasive grains, gen-
erating an enormous amount of heat which is dissipated with
higher intensity to the workpiece [5, 6]. Although some abra-
sive grains have excellent heat conduction properties, it is still
minimal when compared to process heat generation. Thus, this
process needs to be aided by the lubri-refrigeration system
aiming to remove the highest amount of heat from the cutting
interface [7].

A deficiency in the cutting fluid application can result in
thermal damage to the workpiece, being characterized by ther-
mal expansion in the material due to the temperature gradient
generated during the process, because the heat tends to in-
crease according to the increase of depth of cut, i.e., when
the grinding wheel no longer removes material from the work-
piece, its inside is hotter than its surface since the de surface is
being refrigerated [3, 8]. Due to the fact the convective refrig-
eration of the surface is happening, it increases the chances of
residual tensile stresses due to the volumetric expansion that
can occur by the phase transformation of the material [8, 9].
Besides, poor lubri-refrigeration can cause a temperature rise
in the cutting interface, causing cracking, microstructural al-
teration, and form deviations, also intensify the abrasive grain
and bond wear [3].

Nevertheless, the MQL application in grinding has
emerged as an alternative to reducing the use of cutting fluid
in abundance to achieve cleaner production, because this tech-
nique promotes more efficient lubri-refrigeration, as air jets
carrying oil droplets penetrate directly into the cutting zone,
thereby, when the MQL is efficiently applied at the same tan-
gential velocity of the grinding wheel, intensifying the

application of the cutting fluid so that it is injected integrally
in the wheel-workpiece contact [10].

According to Oliveira et al. [11], MQL has the advantages
that after machining, the work environment and tools are less
impregnated with cutting fluid, becoming the cleaning easier,
contributing to lowering costs, also the fact that workpiece is
not entirely covered by fluid, visual monitoring is possible.

When the grinding wheel comes into contact with the work-
piece and begins to remove material, abundant lubri-
refrigeration is responsible for maintaining the chip in lamellar
shape (ductile chip) while simultaneously the high flow rate of
cutting fluid corroborates to wash the wheel cutting surface.
However, when lubri-refrigeration by MQL occurs, the refrig-
eration deficiency causes the formation of spheroidal chips that
adhere more easily to the pores of the grinding wheel, creating
a layer of chips joined similarly to flash-butt-welding [12, 13].
This phenomenon causes the clogging of the pores, becoming
the grinding wheel-less aggressive. Thus, there are increases in
the incidence of plowing and rubbing on the workpiece sur-
face, intensifying the form deviations by cutting inefficiency
while increasing the heat generation in the process [14].

Also, the MQL can provide extra oxygen, leading to the
formation of a layer of oxide protection between the chip and
the tool. When this layer has elements of Fe, Mn, Si to Al, it
acts as a diffusion barrier, leading to the improvement of tool
life [15]. Besides that, Maruda et al. [16] describe in their
study that the tribofilm is the most responsible to the lubrica-
tion. On the other hand, when the MQL cutting fluid is diluted
in water, it becomes more efficient because the droplets upon
reaching the hot surface of the interface wheel-workpiece cor-
roborate so that the lubricating oil spreads across the surface
before the water. In this model, it is expected that the water
droplets will carry and spread the lubricant through the sur-
face, helping to remove heat from the phase transformation of
the water [17]. Maruda et al. [18] conclude in your paper that
the droplet diameter is most influenced by the compressed air
flow and the droplets smaller than 5 μm are not harmful to the
employees. Figure 1 shows the morphology and how the
MQL drop spreads on the surface of the wheel.

Water Oil 

Droplets 

Fig. 1 The concept of oil-water in machining with MQL. Adapted
Ekinovic et al. [17]
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At the beginning of the cutting operation, the tools wear out
quickly and lose a significant part of their life, being essential
to reduce the initial tool wear. The MQL technique decreases
tool wear since the cutting fluid is sprayed and hence can
achieve the interface between the cutting tool and the work-
piece more efficiently. Therefore, the tool wear tends to de-
crease with the increasing quantity of pulverized cutting fluid
while the higher flow rate of the mixture of compressed air
and cutting fluid will be able to provide a more significant
reduction in the workpiece surface roughness [19].

Although the use of MQL in grinding is promising, studies
of Javaroni et al. [1] evidenced that the grinding using MQL
presented the worst surface roughness values when compared
with the flooding technique. However, Lopes et al. [20],
Rodriguez et al. [13] and Oliveira et al. [11] showed to be a
promising application of the MQL technique in the grinding,
since simultaneously to the Wheel Cleaning Jet (WCJ)
system.

According to Lopes et al. [20], the WCJ consists of a com-
pressed air nozzle position towards the cutting surface of the
grinding wheel, in which its aim is to perform the removal of
the adhered chips on the wheel cutting surface. Wojtewicz
et al. [21] conclude that the MQL with molybdenum disulfide
and graphite-based micro fluids produce the lowest clogging
in the grinding wheel. In this sense, Maruda et al. [22] showed
that the size of MQL droplets impacts the lubricant ability of
the method. In the studies of Oliveira et al. [11] and Lopes
et al. [20], it was observed that the ideal angle for this appli-
cation and the angle of 30° is the ideal for greater efficiency of
the process was evidenced. Bianchi et al. [23] explain that the
implementation of the WCJ at this angle is capable of mini-
mizing the clogging intensified by the MQL; this system cor-
roborates to maintain the aggressiveness of the abrasive
grains, reducing the heat generation and the workpiece form
deviations.

Other aspects related to the application of lubri-
refrigeration by the MQL technique has been based on a
new class of cutting fluids from the mixture with nanoparti-
cles. This mixture forms the nanofluids, which are liquid sus-
pensions containing particles smaller than 100 nm, whose
order of magnitude and thermal conductivity are more signif-
icant than the base fluids [24]. In this way, the nanofluids
show better stability, rheological properties and thermal con-
ductivity [25]. Saidur et al. [26] and Kakaç et al. [27] produced
a review about nanofluid applications and their heart conduc-
tivity, respectively, and they explain that the excellent thermal
conductivity can be an essential factor in improving the per-
formance of the cutting fluid under various applications.

Xia et al. [28] studied the application of nanoparticles with
oil-water fluids in 304 stainless steel hot rolling. The authors
observed that the use of nanofluids could effectively reduce
the tangential force during the operation and improve the sur-
face quality of the workpiece compared to the emulsion

applied by the flooding technique (oil-water). The tangential
force and surface roughness initially decrease, to reach the
minimum value for a fraction of nanoparticles, which can
increase when the mass fraction of nanoparticles increases.

So, the nanoparticles can enter the contact area and produce
a reduction effect of the friction coefficient, once the mass
fraction of the TiO2 nanoparticles exceeds 1.5%. However,
the surplus nanoparticles do not reach the contacting, because
the oil film in that region is very thin, and the workpiece
surface is smooth, causing difficulties for the nanoparticles
to enter the oil film and in the valleys on the surface of the
workpiece, with intense contact between them, resulting in an
increase in the coefficient of friction [29].

Wang et al. [30] studied the use of lubri-refrigeration with
Al2O3 nanoparticles and noted that they have excellent anti-
scratch performance. From this, it would be able to improve
the lubrication of the grinding zone and significantly reduce
tangential cutting force. Beyond, they could also lessen the
tangential cutting force by increasing the anti-pressure ability
of lubricating oil films as well as their thermal conductivity.
Moreover, with the continuous addition of nanoparticles, they
can penetrate the pores of the workpiece surface and initiate a
cutting action with the subsequent nanoparticles, thereby
forming a shear film [31]. The nanoparticle lubrification
mechanism is related to particle deformation/fracture and
can result in the formation of an extremely thin lubricant film,
which significantly reduces direct friction between the wheel-
workpiece interfaces [32].

Different mass fractions of nanoparticles form different
physical properties of nanofluids, which are manifested main-
ly by viscosity and surface tension of [33, 34]. Zhang et al.
[35] studied the use of MoS2 nanoparticles in MQL jet flow.
According to the authors, the viscosity and surface tension of
the nanofluid droplets are the two main factors that influence
the lubricating properties of the nanofluids applied in the
MQL in the grinding. Rudyak e Krasnolutskii [36] studying
the importance of nanofluid viscosity explains that the viscos-
ity of nanofluids increases as the proportion of nanoparticles
in the cutting fluid is increased and may also be altered by the
size of the nanoparticle. Zhang et al. [37] studied the influence
of nanoparticle concentration in MQL lubricating ability, and
they describe that the surface roughness increases gradually as
the mass fraction of nanoparticles increases. This phenome-
non is since the viscosity of nanofluids is the primary influ-
ence factor on the surface roughness, which is positively re-
lated to the concentration of nanoparticles. The contact angle
between the nanofluid and the workpiece expands, thus
narrowing the wet area of the nanofluids.

Consequently, part of the workpiece area becomes dry dur-
ing grinding, increasing the surface roughness while increas-
ing the concentration of nanoparticles. This phenomenon re-
veals that MQL with nanofluid increases machining precision
because the nanoparticles perform a type of abrasiveness in
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the grinding zone [37]. Figure 2 shows the abrasivenessmech-
anism that can be compared to micro-machining.

The nanoparticles serve as spherical bearings around the
workpiece, the chip and the grinding wheel, which becomes
grinding with MQL and nanofluid a technique with better
lubrication condition compared to grinding with MQL and
pure water, for example [30].

For that reason, this work aims to analyze and compare the
results obtained in the hardened steel external cylindrical
plunge grinding using cubic boron nitride wheel through flood
technique (flood), MQL, MQL mixture with TiO2 nanoparti-
cle (MQL + Nano) and MQL simultaneously with wheel
cleaning jet (MQL +WCJ). The analyses were carried out
under three different feed rates (0.25, 0.50 and 0.75 mm/
min), in which they tried to show the differences in the appli-
cation of each technique in the surface roughness (Ra), round-
ness error, diametral wheel wear, optical microscopy and mi-
crohardness from the workpiece ground surface, grinding
power, specific energy grinding, acoustic emission, cutting
fluid viscosity and transmission electron microscopy of the
TiO2 nanoparticles.

2 Experimental setup

The tests were carried out in an external cylindrical plunge
grinding machine manufactured by Sulmecânica, model
RUAP515H equipped with a computerized numerical com-
mand (CNC) produced by Fagor.

For the study, a CBN (cubic boron nitride) grinding wheel
with a vitrified bond and specification SBN151Q12VR2
manufactured by Nikkon-Saint Gobain, with dimensions of
350 mm (external diameter) × 127 mm (internal diameter) ×
15 mm (cutting width), was used.

Figure 3 shows the workpiece used in the tests. They were
made of AISI 4340 hardened steel, quenching and tempering,
in a ring shape with 58 ± 0.1 mm (external diameter), 30 ±
0.1 mm (internal diameter) and 4.5 ± 0.1 mm (width), with a
hardness of approximately 54 ± 2 HRC.

During the grinding process, a 6-s spark-out time was used.
A total of 1961.53 mm3 of workpiece material was removed

through 50 plunge cycles with the removal of 0.1 mm per
cycle, conferring a final external diameter of 53 mm.

The minimum quantity lubrification equipment was an
ITW Chemical Products, model Accu Lube 79053D. This
equipment allows adjustment of the volume of lubricant/air
separately, employing a needle-type register, atomizing it at
constant airflow pressure of approximately 0.7 MPa. For its
operation, an air compressor with a flow rate capacity of
850 L/min, produced by Schulz Compressors, model MSV
30, was used.

The wheel surface cleaning system was performed using a
Schulz Compressor air compressor, model MSV 40, with a
flow rate capacity of 1132 L/min. The application of com-
pressed air jet occurred under pressure of 0.8 MPa and angle
of incidence of 30° concerning the tool holder axis wheel. The
nozzle was developed exclusively for application in grinding
and used in the studies of Rodriguez et al. [13], Lopes et al.
[20] and Bianchi et al. [2] ensuring homogeneity along the
width of the cutting surface. The setup of the grinding ma-
chine, together with the positioning of the MQL nozzles and
wheel cleaning jet (WCJ), can be seen in Fig. 4.

Wheel and workpiece rotation of 1793 rpm (32.85m/s) and
163 rpm (0.65 m/s), respectively, were used. Rotation values
provided a ratio of 11: 1, i.e., 11 wheel revolutions to one of
the workpiece, minimizing the effects of runout wheel on the
production of workpiece lobes, reducing the roundness error

Fig. 2 Mechanism of “micro-
machining” caused by
nanoparticles [37]

Fig. 3 Dimension workpiece prior and after grinding process
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values [38]. Three feed rates (0.25, 0.50 and 0.75 mm/min)
with specific material removal rate of 0.72, 1.45 and
2.17 mm3/s were used.

High heat generation in the grinding process is one of the
main factors responsible for microstructural alterations and
workpiece form deviation. Therefore, it was used as the con-
ventional lubri-refrigeration (flood technique), controlled
from flowrate control produced by Contech, model DMY-
2030. The flowrate of 17 L/min and application pressure of
0.1 MPa were established applied at the same peripheral ve-
locity of the grinding wheel. The cutting fluid ITW Chemical
Products, model Rocol Ultracut 370, semi-synthetic, with a
concentration of 3% oil and 97% water (1:32 emulsion) was
used. The MQL tests were performed using a specific cutting
fluid for application under a minimal quantity lubrification,
also produced by ITW Chemical Products, model Rocol
Biocut 9000.

For the nanofluid test, nanoparticles of TiO2 in the anatase
phase at a concentration of 5% (m/m) were used [37, 39, 40].
The preparation was carried out from the commercial TiO2

produced by Sigma-Aldrich. Each 12 g of this precursor was
mixed with 120 mL of a NaOH 10 M solution. This mixture
was maintained at 110 °C for 6 h in a polytetrafluoroethylene
beaker at ambient pressure using a glycerin bath and heating
mantle for temperature maintenance. After the alkaline chem-
ical treatment, the mixture was washed with distilled water
alternately to neutral pH and then dried in an oven at 250 °C
for 24 h at a heating rate of 10 °C/min. Soon after, these
nanoparticles were added to the cutting fluid in the proportion
of 5 %wt.

The additional parameters used during the grinding process
of the workpieces under different conditions are shown in
Table 1. These input parameters used in the tests were deter-
mined based on the results obtained by Bianchi et al. [14],
Javaroni et al. [1], Sato et al. [41] and Rodriguez et al. [42]
and based on preliminary testing in order to optimize defini-
tive testing.

The surface roughness (Ra) and the diametrical wheel wear
were measured using a Taylor Hobson, Surtronic 3+ model,

under Gaussian filter. For such, a cut-off length of 0.25 mm
and an evaluation length (ln) of 1.25 mm were adopted. The
surface roughness measurements were made equidistant at
spacing 36°, and at each point, ten measurements were taken.
The diametrical wheel wear was made from the indirect mea-
surement method [3], whose worn wheel profile is printed on
a soft material cylinder. In this way, a cylinder of dimensions
of 120 mm (length) × 30 mm (diameter), made of AISI 1020
soft steel (90 ± 2 HRB-192 ± 40 HV) was ground with a feed
rate of 0.25 mm/min and total depth of cut of 1 mm (total
volume removed from 880.43 mm3–10 passes of 0.1 mm
per pass) and spark-out of 6 s. The unevenness between the
worn and non-worn regions of the grinding wheel was mea-
sured through the Taylor Hobson TalyMap profile measure-
ment software. The setup for printing the profile as well as its
profile is shown in Fig. 5.

The roundness error measurement was made by a Taylor
Hobson, model Talyrond 31C, with a precision of 0.02 μm.
The mean value between the peaks and valleys was measured
from the least square method, i.e., by calculating the quadratic
sum of the radial distances from the distance of the reference
circle, in which the value is assimilated to the smallest devia-
tion value concerning the center. Therefore, all the workpieces
were measured in three different points of the ground surface.
Once in each position, five measurements were made for more
excellent statistical reliability.

The nanoparticles were put in a carbon-coated copper sam-
ple holder and characterized from a transmission electron mi-
croscope, produced by Jeon, model JEM2100 LaB6 200 kV,
which can be seen in Fig. 6.

The measurement of power consumed during the process
was performed by measuring the voltage (V) and current (A)
of the electric motor that drives the wheel shaft. For acquisi-
tion and processing data, a Curvopower module aided by Hall
effect sensors to convert the electrical consumption value of
the engine was used. The system was connected to a PCI-
6035EDAQ card with 16-bit resolution and maximum acqui-
sition frequency of 200 kS/s. Both boards were produced by
National Instruments. Assisted by an encoder Hohner, model

Grinding 

wheel

Workpiece

MQL 

nozzle

Wheel cleaning 

jet nozzle
a b

Fig. 4 Experimental setup for a
schematic of grinding machine
together MQL nozzle, wheel
cleaning jet system and
workpiece positioning and b
schematic of wheel cleaning jet
nozzle position with its
application angle of 30°
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Table 1 Grinding parameters of
the experimental conditions Grinding process External cylindrical plunge grinding

Grinding wheel SBN151Q12VR2 (cubic boron nitride) (1A1 Ø
350 mm× 15 mm× 5 mm)

Wheel speed (vs–m/s) vs = 32.85 m/s

Feed rate (f–mm/min)/specific removal rate (mm3/s) 0.25, 0.50 and 0.75 mm/min (0.72, 1.45 and
2.17 mm3/s)

Rotational speed (nw) nw = 163 rpm

Depth of cut (ap) a = 0.1 mm

Grinding width (e) e = 4 mm

Nanoparticles Titanium dioxide-TiO2

Nanoparticle concentration 5 wt.% diluted in the MQL fluid

Lubri-refrigeration condition Flood

MQL

MQL + nanoparticles

MQL +WCJ (wheel cleaning jet)

Conventional cutting fluid Emulsificable oil, semi-synthetic with 3% concentration
(1:32), produced by ITW Chemical-Rocol Ultracut
370

Conventional fluid flow 17 L/min (1,020,000 mL/h)

MQL fluid Vegetal based oil, biodegradable, associated to
antioxidant additives, produced by ITW
Chemical–Rocol Biocut 9000

MQL fluid flow 150 mL/h

Air pressure on the MQL system 0.8 MPa

Air speed on the nozzle 32 m/s

Cleaning system Compressed air

Air pressure in cleaning system 0.8 MPa

Angle of incidence 30°

Workpiece material AISI 4340 steel, quenched and tempered (54
HRC-579 HV) Ø 58 ± 0.1 mm×Ø
30 ± 0.1 mm× 4.5 ± 0.1 mm

Dresser Diamond cluster, 15 mm× 8 mm× 10 mm

Dressing depth (ad) ad = 0.080 mm

(40 cycles, 0.002 mm for each cycle)

Dressing speed 500 mm/min

Spark-out time (ts) ts = 6 s

a

b

c

Worn wheel 

surface

Stylus probe

AISI 1020 Cylinder 

(Soft steel)

Fig. 5 Experimental setup for a
schematic of grinding process for
printing wear profile, b
measurement schematic of the
printing worn profile, and c worn
profile measured by equipment
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1012-0312-1800, it was possible to measure in real-time the
wheel peripheral velocity and calculate, together with the
power consumed value, the specific energy grinding. To ac-
quire the acoustic emission signal, a Sensis DM42 module
connected to a BNC2110 acquisition board was used. Thus,
it was possible to obtain the RMS signal.

The microhardness data was obtained using a hardness
testing machine HM-200 series from Mitutoyo. The tests
followed ASTM E140 regulations using load of 300 g
provided.

Aiming to analyze microstructure alterations of the work-
piece due to the grinding process, an optical microscope pro-
duced by Olympus, Model BX51 on the magnification of
1000× was used. Before the optical microscopy analysis, the
samples were polished and embedded in bakelite, undergoing
a chemical attack with Nital 2%. Confocal microscopy was
used to perform a 3D mapping of the ground surface, which
was performed using an Olympus LEXT, model OLS4100 on
1000× magnification.

3 Results and discussion

In this section, the mentioned output parameters will be ex-
plored and analyzed in each test performed with the variations
of the lubri-refrigeration technique.

3.1 3.1.Surface roughness

Figure 7 shows the average surface roughness for each lubri-
refrigerant grinding method. In this sense, roughness values
less than 1.6 μm are satisfactory for most grinding part appli-
cations [14]. Note that the conventional method resulted in the
best roughness for the feed rates 0.25, 0.5 and 0.75 mm/min,
with the mean values of 0.23, 0.34 and 0.47 μm, respectively,
which are well below the maximum tolerable value for grind-
ing. Furthermore, looking at Fig. 7, the MQL method was
responsible for the highest roughness values in this work,
which are 1.02, 1.35 and 1.68 μm for the three feed rates,

respectively. However, the use of nanoparticles reduced
roughness by 21%, 16% and 18% compared to traditional
MQL for the three feed rate conditions, respectively, which
shows a significant improvement in the surface quality of the
produced workpiece, which can be seen in Fig. 7. In addition,
adding WCJ to MQL accounted for a 59%, 56% and 57%
improvement in average roughness over traditional MQL for
the three feed rate conditions, respectively, substantially ap-
proximating the MQL result +WCJ with the conventional
method, which can be seen in Fig. 7.

Rodriguez et al. [13] observed in his work that surface
roughness increases while the temperature of the cutting zone
increases, as the higher temperature generates greater work-
piece deformation during cutting and facilitates chip adhesion
on the workpiece and grinding wheel. In addition, as conclud-
ed by Silva et al. [43], lubrication of the cutting zone influ-
ences rubbing and plowing, which are responsible for increas-
ing surface micro deformations during contact of the abrasive
grain with the workpiece [43]. Finally, the clogging covers the
cutting face of the grinding wheel, reducing its cutting capac-
ity, and causes the particles to rub against the workpiece [1,

Fig. 6 Transmission electron
microscopy of the TiO2
nanoparticles before being
applied in cutting fluid
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11, 14]. In this way, clogging significantly impairs the surface
roughness. Therefore, the excellent lubri-refrigerant capacity
of the conventional method coupled with the efficient removal
of the chips generated, reducing the clogging, justify the best
surface roughness result for the three feed rates of this work.

The result observed in Fig. 7 with the traditional MQL
method is a product of its low cooling capacity and high clog-
ging of the grinding wheel. Compressed air and cutting fluid
droplets, which make up traditional MQL, efficiently pene-
trate the air layer around the grinding wheel, reducing waste,
but do not properly cool the cutting zone due to the low ther-
mal conductivity of air and oil pure from MQL [20, 43, 44].
Thus, this deficiency in MQL cooling increases cutting tem-
perature, which in turn increases grinding wheel wear and
material ductility, further deforming it during cutting. In addi-
tion, the compressed air does not remove part of the chips
generated during grinding, which accumulates in the porosity
of the grinding wheel and reduces its cutting capacity and
surface quality of the workpiece [14]. Therefore, it is notewor-
thy that MQL’s excellent lubricating capacity was not suffi-
cient to prevent worsening of surface roughness. In this way,
the sum of these problems justifies the higher roughness
values in this work using the traditional MQL. However,
MQL remained below the acceptable limit for two feed rate
conditions, which can be seen in Fig. 7, supporting its appli-
cability as an alternative method even with a performance
inferior to the conventional technique.

The addition of nanoparticles to MQL produced a signifi-
cant improvement in the surface roughness parameter, which
can be seen in Fig. 7. This can be justified by the fact that
nanoparticles increase the thermal conductivity of MQL,
which softens the temperature increase during grinding and
thus reduces the impact of temperature on the surface quality
of the workpiece [26, 30, 39]. In addition, nanoparticles roll
between the grinding wheel and the workpiece surface, which
is called the third body effect [26, 27]. This effect coupled
with MQL’s excellent lubricity greatly reduces friction at the
wheel-workpiece interface, which improves the surface qual-
ity of the workpiece. Nanoparticles also cut the material for its
hardness and thus cause the polishing effect of the part, which
improves its surface roughness. Thus, the higher cooling ca-
pacity, the reduction of friction and the polishing effect justify
the improvement in the average roughness with MQL + nano-
particles in this work.

In WCJ, compressed air is directed to the cutting surface of
the grinding wheel, removing part of the clogging [13].
Combining this technique with MQL produced an impressive
reduction in average surface roughness, bringing these results
closer to those found with the conventional method. Thus,
WCJ significantly reduced the clogging of the grinding wheel,
which increased the cutting ability of the grinding wheel and
reduced the number of particles scratching the workpiece dur-
ing grinding, justifying the results found in this work.

3.2 Roundness error

The results obtained in this work of this parameter are shown
in Fig. 8. Comparing the results for the three feed rates (0.25,
0.5 and 0.75 mm / min), the application of the conventional
method obtained the best unemployment (2.23, 3.0, 3.74 μm,
respectively). Still in this sense,MQL had the worst roundness
error results (4.32, 4.86 and 5.48 μm, respectively). Using
MQL with nanoparticles reduced roundness error by 16, 12
and 11% for the three machining conditions, respectively,
compared to traditional MQL. Moreover, the improvement
of the results with the application of MQL +WCJ was 26,
24 and 22%, respectively, compared to the traditional MQL
results. Thus, additional methods to MQL showed significant
improvements in both surface roughness and roundness error,
enhancing the use of these techniques as an alternative to the
conventional method with abundant cutting fluid.

As in surface roughness, cutting temperature has a great
influence on roundness error. A higher cutting temperature
increases the ductility of the material, causing uneven thermal
deformations in the workpiece and increasing the chip length,
which impairs the geometric accuracy of the workpiece and
intensifies the clogging of the grinding wheel, respectively
[14]. Added to this, the increase of the clogging deforms the
cutting surface of the wheel [6]. Thus, the deformation of the
workpiece and the cutting surface of the grinding wheel
coupled with the higher clogging increase the roundness error,
impairing the quality of the manufactured workpieces.
Therefore, the results obtained with the application of the con-
ventional method for this parameter are justified in view of its
ability to soften the cutting temperature and reduce the clog-
ging by removing part of the chips generated.

The low cooling capacity and high clogging generated by
traditional MQL are responsible for the largest roundness er-
rors obtained in this work. However, the increase in thermal
conductivity, reducing the cutting temperature and the
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polishing effect resulting from the union of MQL with nano-
particles produced significant improvement in roundness. In
addition, associating MQL with WCJ reduced the clogging of
the grinding wheel, increasing the cutting capacity and preci-
sion, which provided the closest approximation of the round-
ness error results obtained with the conventional method.
Thus, the excellent roundness error results obtained with the
alternative lubri-refrigerant methods drive the use of these
techniques, which would bring savings and greater sustain-
ability to the grinding.

3.3 Diametrical wheel wear

Based on the values shown in Fig. 9, the grinding wheel wear
values for the feed rate conditions of 0.25, 0.5 and 0.75 mm/
min are 4.1, 5.2 and 7.0 μm for the conventional method,
respectively, and 8.9, 12.2 and 14.8 μm for the traditional
MQL method, respectively. In addition, it is noteworthy that
the application of nanoparticles with MQL caused a reduction
of 20, 20 and 18%, respectively, in grinding wheel wear com-
pared to traditional MQL. Also in this sense, MQL +WCJ
showed the largest reduction of wear compared to traditional
MQL: 42, 41 and 41%, respectively, showing an incredible
difference in results and a close proximity to the results ob-
tained with the conventional method.

A high cutting temperature reduces the grinding time of
abrasive grains and decreases bonder strength, which acceler-
ates grinding wheel wear during machining [40, 45]. In addi-
tion, clogging reduces the cutting ability of the grinding wheel
surface, causing the need to increase the number of dressings
and thus reducing grinding wheel life. However, the conven-
tional method mitigates the aforementioned problems through
the good lubri-refrigerant capacity and excellent ability to re-
move the chips generated from the cutting zone, justifying the
results found in this work.

The problems encountered with inefficient cooling and in-
tensification of clogging are the causes of MQL producing the
greatest wear in this work. However, as also seen in surface
roughness and roundness error, the increased cooling capacity
obtained by joining MQL with nanoparticles, increasing the
period that the abrasive grain remains sharp and softens bond
fracture relative to traditional MQL, which significantly re-
duces grinding wheel wear. In addition, the reduction of the
clogging with the MQL +WCJ technique produced better
wear results than those found with MQL + nanoparticles and
close to those obtained with the conventional method.

3.4 Grinding power

The results of this parameter are shown in Fig. 10. In this
sense, the application of the conventional lubri-refrigerant
method resulted in 270, 325 and 390 W of cutting power
(for feed rates 0.25, 0.50 and 0.75 mm/min, respectively). In
the case of traditional MQL, the power values were 370, 465
and 530 W (for feed rates 0.25, 0.50 and 0.75 mm/min, re-
spectively). In addition, it is noteworthy that nanoparticle
MQL reduced cutting power by 10, 17 and 15% (for feed rates
0.25, 0.50 and 0.75 mm/min, respectively) compared to tradi-
tional MQL. On the other hand, MQL +WCJ produced excel-
lent results which reduced power by 24, 29 and 24% (for feed
rates 0.25, 0.50 and 0.75 mm/min, respectively) compared to
traditional MQL, approaching of the performance of the con-
ventional method in this parameter.

Silva et al. [43] report in their work that wheel-workpiece
interface lubrication reduces rubbing and plowing, which di-
rectly impact cutting power. In addition, clogging of the grind-
ing wheel intensifies scratching of the workpiece surface and
reduces the cutting ability of the grinding wheel, which neces-
sitates increased cutting power to fulfill the grinding opera-
tion. On the other hand, according to Bianchi et al. [14],
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increasing the cutting temperature increases the ductility of the
material, which reduces the cutting power required to grinding
the material. In this work, it was observed that the lubricating
capacity and chip removal capacity of the conventional meth-
od kept the required cutting power low while its refrigerating
capacity did not significantly increase the cutting power,
which kept this method as the most efficient relative to the
cutting power parameter.

The traditionalMQLmethod produced theworst cutting pow-
er results. A point to note is the rehbinder effect on MQL. In this
effect, the atomized fluid generated in MQL enters the micro
surface protrusions, preventing them closing during machining
and becoming stress accumulation points, reducing the effort
required to cut the material [46, 47]. However, the excellent
lubricating capacity of traditional MQL added to the rehbinder
effect was not sufficient to soften the increase in cutting power
due to the larger clogging of the grinding wheel with this tech-
nique, which justifies the results obtained in this work.

The use of MQL with nanoparticles reduced the cutting
power required as the reduction of friction by the scrolling
effect of nanoparticles on the cutting interface (third body
effect) coupled with excellent MQL lubrication and the
rehbinder effect significantly decreased the power to grinding
the material. In addition, the application of MQL +WCJ
surpassed the results obtained with MQL + nanoparticles and
approached the performance of the conventional method for
this parameter. In this sense, the reduction in grinding of the
grinding wheel by WCJ was the main responsible for the
result found in this work.

3.5 Specific energy grinding

As can be seen from Fig. 11, the specific energy values for the
feed rates of 0.25, 0.50 and 0.75 mm/min for the conventional
method are 5.50, 3.40 and 2.65 J/mm3, respectively, and for

the MQL method are 7.60, 4.80 and 3.65 J/mm3, respectively.
In addition, the MQL + nanoparticle lubricant coolant tech-
nique reduced the specific energy by 11, 17 and 16% (for feed
rates 0.25, 0.50 and 0.75 mm/min, respectively) compared to
traditional MQL. WCJ in conjunction with MQL reduced
specific grinding energy by 24, 28 and 23% (for feed rates
0.25, 0.50 and 0.75 mm/min, respectively) compared to tradi-
tional MQL.

This output parameter is directly proportional to the cutting
power and inversely proportional to the amount of material
withdrawn [48]. Thus, increasing the feed rate increases the
amount of material removed during cutting, which in turn
reduces the specific grinding energy, corroborating the results
found in this work.

The conventional method was responsible for the lower
cutting power under all conditions of this work for its excel-
lent lubricating capacity, as this reduced rubbing and plowing,
and its ability to remove chips from the cutting zone, reducing
clogging and thus the scratching of the surface of the
workpiece.

As observed in the cutting power, the low flow capac-
ity of the chips generated and the intensification of the
clogging were the main factors that influenced the tradi-
tional MQL’s worst specific energy results in relation to
the other applied methods. In addition, the third body
effect, the excellent lubrication and the rehbinder effect
added to MQL + nanoparticles improved the specific
grinding energy. MQL +WCJ has alleviated the problem
of traditional MQL clogging, greatly improving the results
of the specific energy in this work. The above facts show
that the alternative methods studied substantially extend
the application of MQL in the industry, which can benefit
the costs and sustainability of production.

3.6 Optical microscopy and microhardness

Rodrigues et al. [13] and Fernandes et al. [49] report in their
work that a high shear temperature may cause changes in the
microstructural components of the material and burning,
which change the material behavior and impair its perfor-
mance [9, 50, 51]. In addition, grinding is one of the last
processes applied in workpiece manufacturing. Thus, the part
has a high added value when it comes to grinding and any
error that changes the quality and properties of the workpieces
generates a high cost to correct it.

Figure 12 shows the optical microscopy of a workpiece
section, which has been selected for process severity and the
highest tendency for thermal damage. In the case of this work,
the workpieces submitted to the feed rate 0.75 mm/min for
each lubricant method were used in this test. The micrograph
shows that the conventional, MQL, MQL + nanoparticles and
MQL +WCJ methods kept the grinding temperature below
the temperature required for thermal damage to the workpiece.
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Thus, this test supports the applicability of alternative methods
in the industry, since these methods preserved the integrity of
the material.

Figure 13 shows the microhardness of the workpieces.
Thus, there was no significant change in material hardness
for all lubri-refrigerant methods analyzed, which shows that
no thermal damage occurred during grinding. Thus, this assay
is consistent with microscopy, helping to maintain that the use
of MQL, MQL + nanoparticles and MQL +WCJ preserves
the microstructural integrity of the material as the convention-
al method.

4 Conclusions

The analysis of the results obtained in the external cylindrical
plunge grinding of AISI 4340 hardened steel under conven-
tional, traditional MQL, MQL + nanoparticle and MQL +
WCJ lubri-refrigerant methods at the feed rates 0.25, 0.50
and 0.75 m/min yielded the following conclusions:

& The conventional method surpassed the other methods
analyzed in this work in all output parameters. However,
its social and environmental impact and its cost of
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Fig. 12 Optical microscopy from
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operation are negative points to its use, going against the
sustainable mindset of the current industry.

& The traditional MQL method had the worst performance
compared to the other techniques analyzed. This is justi-
fied by its inefficient cooling and low ability to remove
generated chips, which increases the amount of stickiness.
However, it was possible to achieve a good surface finish
without thermal damage to the part. Thus, the increased
sustainability that MQL brings added the possibility of
producing grinding workpieces that supply the quality de-
mand of the current industry support the applicability of
this technique as an alternative to the conventional
method.

& Using nanoparticles in conjunction with MQL has im-
proved all output parameters analyzed. This was due to
the increased thermal conductivity of this method, soften-
ing the high temperature produced by traditional MQL. In
addition, nanoparticles remove a small amount of material
and roll on the wheel-workpiece interface (third body ef-
fect), resulting in a polishing effect and reduced friction in
the cutting zone, respectively. Therefore, MQL + nanopar-
ticles are a sustainable method that has better performance
and applicability than traditional MQL.

& Cleaning the cutting surface of the grinding wheel with
compressed air (WCJ) significantly reduced clogging of
the grinding wheel, which is one of the major bottlenecks
in MQL application. Thus, MQL +WCJ produced the
best results among the alternative methods studied. In ad-
dition, its results were substantially like those produced
with the conventional method, proving to be an excellent
sustainable alternative and able to meet current industrial
demand

& Thus, traditional MQL is inferior to all the methods
analyzed in this work. Using nanoparticles in MQL
has improved the results of this lubri-refrigerant tech-
nique, which may extend the applicability of MQL.
However, the addition of WCJ yielded better results
than the addition of nanoparticles to MQL, showing
that joining WCJ to MQL is the best alternative to the
conventional method. Finally, the conventional meth-
od has surpassed all alternative methods, but the ap-
plication of abundant cutting fluid makes this method
unsustainable, which enhances the use of MQL as a
lubri-refrigerant method given its good results com-
bined with its sustainability.
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