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Abstract
Nowadays, environmental concern and the search for environmentally friendly techniques have contributed to industrial devel-
opment towards sustainability. Production without social and environmental impact is one of the main goals of engineering
research. Although analysis is carried out, some manufacturing processes still require studies, such as grinding, for example. In
this process, the interaction between the grinding wheel and workpiece generates a significant amount of heat, due to shearing,
friction, and scratching caused by the contact of the numerous abrasive grains with the workpiece surface. The heat generated at
the interface has a more intense flow to the workpiece, which can cause several microstructural damages, as well as providing
shape errors and increased grinding wheel wear. Thus, the application of cutting fluid is indispensable to minimize the harmful
effects caused by heat to the grinding wheel and the workpiece during the process. However, the industry commonly uses soluble
cutting fluid, having oil in its composition, in addition to chemical components that prevent its degradation, due to recirculation in
the system and the need to avoid the accumulation of bacteria, whereas its application has a flow rate of tens of liters per minute.
These cutting fluids will be discarded at some point, which will require complex waste treatment processes for proper disposal.
An alternative to this type of application is the minimum quantity lubrication (MQL), which consists of a few milliliters per hour,
but which has low refrigerant power. Some techniques have been developed to enhance its application and make it more
refrigerant, such as the application of a jet of compressed air directed to the grinding wheel cutting surface to perform the
cleaning, minimizing the heat generation by the reduced agglomeration of chips in the grinding wheel pores. Therefore, this
work analyzed the cylindrical plunge grinding of hardened steel workpiece with cubic boron nitride grinding wheel on different
cooling conditions, comparing the conventional cutting fluid application method (flood) with the MQL technique, MQL simul-
taneously with the wheel cleaning jet (MQL +WCJ) and MQL with cutting fluid applied at 0 °C (MQL + CA). The performance
of each method was analyzed by using the measurements of surface roughness (Ra), roundness error, diametral wheel wear,
power consumed during the process, specific energy grinding, microhardness, andmicrostructural analysis to investigate possible
modifications of the microstructure of the workpiece. It was found that in none of the cases, there weremicrostructural alterations,
but the MQL application method presented the worst values of the variables among the techniques studied, whereas the
application on low temperature showed potential to be used in a large scale. Nevertheless, the MQL application method applied
simultaneously with the wheel cleaning jet (WCJ) has presented the closest values of the conventional method; it becomes the
most feasible method for application in the industry towards the protection of the environment and health of the workers.
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1 Introduction

The exponential increase in pollution and degradation of the
ecosystem since the first industrial revolution has brought
profound damage to the planet and society [19]. Added to this,
if the pollution is not reduced, projections show that in the
future, damage to humanity and the biosphere will be
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irreversible [19, 26]. In this sense, international policies are
tightening up environmental legislation, which directly im-
pacts the current manufacturing methods, including machin-
ing. Therefore, scientific researches and industries seek more
sustainable methods of production that meet contemporary
industrial demand [26].

At the final stage of the production chain, the grinding
process is used to reduce geometric deviations and improve
the surface quality of workpiece. In this method, the abrasive
grains attached to the bond of the grinding wheel remove the
workpiece material through the generation of chips and lodg-
ing in the wheel porosity [21]. Thus, multiple edges are in
contact with the part in the grinding, which generates simul-
taneously a high amount of elastic and plastic deformations in
the workpieces [21]. Consequently, the dissipation of a large
part of the cutting energy occurs in the form of heat, raising the
temperature in the region of contact between wheel and work-
piece [27]. However, high machining temperatures can cause
damage to the workpiece produced, such as geometric devia-
tions due to thermal expansion, microstructural alterations
generating white layers (burn), and residual tensile stress,
which reduces the fatigue resistance of the material [27].
From this, the industry uses the cutting fluids to soften the
high temperature of grinding and its consequences.

The cutting fluids applied in the metal-mechanical industry
are mostly composed of water and oil emulsion. In addition to
this, the conventional lubrication method (flood) injects high
amounts of these fluids into the cutting zone, which is widely
used in grinding [21]. Also, the cutting fluids play a funda-
mental role in the machining due to its high lubricating,
cooling, and removal capacity of the generated chips, thus
reducing the friction, the temperature, and the clogging of
the grinding wheel [29]. In numbers, this importance is seen
with an approximate annual consumption of 2,000,000 m3 of
mineral, semi-synthetic or synthetic oils for cutting fluids, but
on the other hand, the actual volume of cutting fluid used in
the industry is much more significant since it is mixed with
this amount of oil in water most of the time [10, 11].

During machining, machine operators and persons close to
the process come in contact with cutting fluids through liquid
form or mist, which can be touched and also be inhaled []. So,
additives, biocides, allergenic metals, and other toxic sub-
stances in contact with the skin may cause damage related to
respiratory problems, dermatitis, and cancer [, 25]. Currently,
85% of the cutting fluids used in the industry have petroleum-
derived oil in its composition, which may cause skin cancer,
according to the International Agency for Research on Cancer
(IARC) [10, 17]. The sum of the above factors listed corrob-
orates that 80% of the cases of occupational skin diseases in
the world are caused by contact with cutting fluid [14].
Therefore, the damage to health resulting from the application
of these fluids is contrary to the worldwide guideline for the
preservation of workers and also causes an increase in the cost

to the industry due to indemnities, health care, and replace-
ment of human resources [19, 26].

Another point to highlight is the disposal of the cutting
fluid used. Contamination of surface and groundwater and soil
by toxic components of fluids, when discarded in nature, has
led to legislation regulating the safe disposal of cutting fluids
used, since most cutting fluids are not biodegradable [26]. In
this sense, for the cutting fluids to be safely discarded, they
must undergo a process of filtration and separation of chemi-
cal residues, being a complex process that results in a high cost
of discard. As a result, the cost of cutting fluids can be up to
four times the cost of their purchase [19, 26]. In this way, the
acquisition, storage, maintenance, and disposal of fluids rep-
resent a significant portion of the total machining cost [19,
26]. Furthermore, the use of cutting fluids mitigates the effects
of the high temperature of the grinding, at the same time, its
toxic composition causes unsustainable socio-environmental
impacts for the eco-friendly industry of the future, besides its
use, represents a high cost for the companies [19, 26].
Consequently, it is necessary to develop alternatives to the
conventional method with the use of abundant cutting fluid.

New grinding methods have been developed, and they are
being improved by the industry together with the researchers.
Dry grinding has evolved through the development of new
abrasive grains and more stable bond at high temperatures,
such as cubic boron nitride (CBN) grain, for example, but its
applicability is restricted because there are no effective
cooling mechanisms in this technique [1]. The addition of
nanoparticles to cutting fluids and the use of cryogenic ele-
ments towards low temperature during grinding have shown
positive results [13, 32]. However, the minimum quantity lu-
brication (MQL) stands out among the possible alternatives to
the use of abundant cutting fluid.

In the MQL method, oil droplets are transported to the
cutting zone through the compressed airflow [16].
Nevertheless, the average oil consumption in the MQL is
30–150 mL/h, which represents a smaller fraction of about
60 L/h consumed by the conventional lubri-refrigeration
method [29]. Moreover, the air barrier formed around the
grinding wheel prevents cutting fluid, in the conventional
method lubri-refrigeration, from efficiently penetrating the
cutting zone. On the other hand, the speed of application of
the air-oil mixture in the MQL technique is close to the cutting
speed of the grinding wheel, allowing an efficient penetration
of the fluid into cutting interface [30]. Thus, according to
Belentani et al. [7], the application ofMQL produces excellent
cut zone lubrication when compared with the conventional
method. However, compressed air mainly performs the func-
tion of cooling the cutting zone, which limits the reduction of
the grinding temperature due to its low capacity to remove
heat from the process [9]. Also, the compressed air does not
remove the efficiently generated chips from the contact region
between wheel and workpiece, resulting in increased
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deposition of chips in the pores, whereas these chips are mixed
with abrasive grain fragments and fluid residue, which clog
the wheel and reduce its cutting ability [6]. Therefore, the
MQL represents a promising alternative to the conventional
technique, but it needs improvements to enable its industrial
large scale application.

The combined use of the MQL and the vortex tube is a
means of increasing the cooling capacity of the MQL. The
vortex tube is a device in which compressed air is inserted,
and as a result, there is cold airflow at one end of the tube and
the flow of hot air into the other. Saberi et al. [23] studied the
application of MQL with the cold air from of the use the
vortex tube (MQL + CA) on the grinding of soft steel, where
this technique was compared with the conventional lubri-
refrigeration and dry method. The authors observed that the
use of MQL with cold air not only reduced the cutting force
and coefficient of friction due to its excellent lubricating ca-
pacity but also increased the cooling capacity of the process
with the cold air, reducing the temperature. Besides, the results
of the MQL with cold air exceeded those obtained with dry
grinding and were close to the results of the conventional
method, making possible the implementation of this technique
for the grinding of the alloy studied. Therefore, the application
of the vortex tube, which is low cost and simple operability
equipment, is an excellent alternative to reduce the constraints
of large scale use of MQL in the industry.

Another point to highlight is the use of the wheel cleaning
jet (WCJ). In this technique, the clogging caused by the lodge
of the chips, fragments of abrasive grains, and cutting fluid
into the porosity of the grinding wheel is removed through the
insertion of compressed air directed to the wheel surface. The
friction of compressed air in the wheel surface can remove the
clogging, which returns the cutting capacity of the grinding
wheel [27]. This phenomenon causes increased cutting power
and reduces the surface quality of the workpiece, as well as
lowers the cutting capacity of the tool [27]. Against this, the
application of compressed air to the cutting surface of the
grinding wheel reduces the clogging and its effects, benefiting
the parameters that are affected by the clogging. Thus, the
high clogging resulting from the use of the MQL is reduced
with the application of the WCJ, which allows the excellent
quality of the ground workpieces together with the low oil
consumption in this process, as observed in the researches of
Ruzzi et al. [22] and Bianchi et al. [3].

Therefore, this work was carried out with the application of
the MQLwith cold air (MQL + CA) technique on the external
cylindrical plunge grinding of AISI 4340 hardened steel using
CBN grinding wheel. In an exclusive and innovative way, the
MQL + CAwas compared with the conventional cutting fluid
(flood) and minimum quantity lubrication (MQL) application
methods with and without a WCJ. The analyses were per-
formed in three different feed rates, and they sought to relate
the differences in surface roughness (Ra), roundness error,

diametrical wheel wear, power consumption during the pro-
cess, microhardness, and optical microscopy from the ground
surface to verify microstructure alteration due to the process.

2 Experimental setup

The tests were performed on a CNC external cylindrical grind-
ing Sulmecânica, model RUAP515H. The cylindrical plunge
grinding was used to analyze the phenomena of each lubri-
refrigeration.

The grinding wheel used in the tests was made by Nikkon
Ferramentas de Corte Ltda.-Saint Gobain Group with cubic
boron nitride (CBN) grains and vitrified bond, specified as
SBN151Q12VR2. The grinding wheels were made with the
following dimensions: 350 mm (outside diameter) × 15 mm
(width) × 127 mm (hole diameter). The abrasive grain’s layer
thickness was 5 mm.

The workpieces used in tests were made of AISI 4340 steel
in a ring shape, with an external diameter of 62 ± 0.1 mm,
internal diameter of 30 ± 0.1 mm, and thickness of 4.5 ±
0.1 mm. After the workpieces have been machined, they were
heat-treated in the process of quenching and tempering, thus
obtaining an average hardness of 55 ± 2 HRC.

For MQL lubri-refrigeration system was used as an appli-
cator made by ITW, model Accu-Lube 79053D, with a pres-
sure of 0.8 MPA and flow rate of 150 mL/h. Besides, the
compressed air system had a dryer for removal of moisture
from the air. The mixing of the compressed air and the cutting
fluid takes place inside the nozzle. The MQL cooling system
(MQL + CA) was positioned near the application nozzle. The
system consists of a vortex tube, produced by Emuge-
Franken. The cooled compressed air was inserted into the
nozzle at a pressure of 0.4 MPa and cooled the cutting fluid
at a temperature of 0 °C.

Figure 1 shows the CBN grinding wheel and its enlarged
cutting surface with emphasis on abrasives grains. The flood,
MQL, and MQL + CA nozzles position, as well as wheel
cleaning jet nozzle are presented in Fig. 2.

The WCJ consists of a compressed air nozzle positioned at
1 mm from the grinding wheel cutting surface, with an angle
of incidence of 30° and a pressure of 0.7 MPa. To achieve the
uniformity of the compressed air jet, a nozzle was developed,
which ensures homogeneous distribution of air throughout the
grinding wheel cutting width. Also, it is emphasized that the
cleaning system had compressed air independent of the MQL
and MQL + CA system so that there was no interference
between the systems.

On the grinding wheel cutting surface, two tests were
made, side by side, because the grinding cutting width was
15 mm and the width of the workpiece was 4.5 mm. After the
two tests, the grinding wheel was dressed with cutting speed
of 32 m/s using a multi-granular agglomerate dressing tool,
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from Master Diamond with the following dimensions:
15 mm (length) × 8 mm (width). The dressing was done
by removing 80 μm of the abrasive layer, being made
40 passes with 2 μm of material removed per pass with
dressing speed of 500 mm/min.

The tests were done using two cutting fluids, one for the
flood application technique and another for the MQL applica-
tion technique. In the flood lubri-refrigeration technique, a
semi-synthetic cutting fluid made by ITW Chemical
Products, model Rocol Ultracut 370, water-miscible with

Fig. 1 CBN grinding wheel

a b

c e f

Fig. 2 Experimental setup for a
schematic of MQL + CA nozzle
positioning, b schematic of wheel
cleaning system nozzle position, c
flood lubri-refrigeration
condition, d MQL lubri-
refrigeration condition, e MQL +
CA lubri-refrigeration condition
with thermal insulation, and f
close-up view of the schematic
wheel cleaning system
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concentration 3%, with a flow rate of 17 L/min and a pressure
of 0.1 MPa was used. For the MQL lubri-refrigeration tech-
nique, a cutting fluid also made by ITW Chemical Products,
model Accu-Lube LB 1100 was used. This cutting fluid is
specific for the MQL technique and was applied with a flow
rate of 120 mL/h and a pressure of 0.8 MPa.

The tests were done to prove the different aspects of the
techniques. Thus, the tests were conducted under three differ-
ent feed rates 0.25, 0.50, and 0.75mm/min, i.e., with a specific
removal rate of 0.81, 1.62, and 2.43 mm3/s. To obtain more
excellent statistical reliability, the tests were done five times
for each grinding condition; a total of 60 workpieces were
analyzed. During the tests, 5 mm of the external diameter of
the workpiece was removed through 50 grinding cycles, re-
moving 0.1 mm per period, being the total volume removed
from 2102.9 mm3, resulting in a final diameter of 57 mm. The
initial (dashed line) and the final external workpiece diameter
is shown in Fig. 3.

The output parameters analyzed were surface roughness
(Ra), roundness error, diametrical wheel wear, grinding pow-
er, specific energy grinding, optical and confocal microscopy,
and microhardness.

The measurement of surface roughness and diametral
wheel wear were measured with a Surtronic 3+ profilometer
made by Taylor Hobson. All measurements were performed
with a Gaussian filter. The surface roughness measurement
was performed at 10 different points, equidistant at approxi-
mately 36° spacing, at each point 10 measurements were per-
formed with a cutoff length of 0.25 mm.

The diametrical wheel wear analysis was done from the
printing method of the grinding wheel profile. This method
consists of the technique used by [3, 4, 20, 24] where an AISI

1020 soft steel cylinder is grinding. Thus it being possible to
measure the worn step, as can be seen in Fig. 4.

The measurement procedure was only possible due to the
fact that the total width of the cutting surface of the grinding
wheel was not used. Thus, the Taylor Hobson TalyMap soft-
ware was used to perform the printed profile wear analysis.
The worn profile is shown in Fig. 5.

The roundness error was analyzed by a Taylor Hobson,
Talyrond 31C model with a measurement accuracy of
0.02 μm. Measurements were made using the least squares
method, i.e., the value corresponds to the analysis from the
mean of all peaks and valleys, since that mean is the quadratic
sum of the radial distances measured from the reference circle.
The precision relative to the smaller value of deviation in
relation to the center is considered least square. The measure-
ments were performed at three different points on the ground
workpiece surface, and on each point, the analysis was repeat-
ed five times for greater accuracy and minimization of possi-
ble errors.

The additional parameters used during the grinding process
of the workpieces under different conditions are shown in
Table 1.

For microhardness measurement equipment made by
Mitutoyo, model HM-200 was used. Following the recom-
mendations of the ASTM E140 standard, the 300-g loading
was used to print the indentation, making it possible to mea-
sure the diagonal shape printed on the part more precisely.
Also, the standard ASTM E384 was used to select the number
of 5 measurements in each workpiece, varying the depth of
analysis in 60 μm, being measured at the depths of 60, 120,
180, 240, and 300 μm from the ground surface. Thus, possible
changes in microhardness values can be measured from the

Fig. 3 Dimension workpiece
prior and after grinding process
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occurrence of value variation, e.g., a variation of the micro-
hardness value due to the high heat generated during the
process.

For micrograph analyses of the surface machined was used
an optical microscope Olympus model BX51 under magnifi-
cation of 500×. A confocal microscope Olympus, model
LEXT OLS4100, was employed to capture the 2-D images
of the surface machined under magnification 1000×.

LabView 7.1 software was used to process the average
power data consumed and specific energy grinding during
the grinding process. The technique was based on the re-
searches of Fernandes et al. [8], Sato et al. [24], Rodriguez
et al. [20], and Lopes et al. [15]. The Curvopower module was
used together with two Hall-effect sensors for converting the

voltage (V) and current (A) values of the electric motor of the
grinding wheel. It was also used as an encoder to monitor the
rotation of the grinding wheel. The systems were connected to
a PCI-6035EDAQ board with 16-bit resolution and maximum
acquisition frequency of 200 kS/s; the two boards were made
by the National Instruments. In addition, the acquisition rate
used to monitor the power signal was 2 kS/s.

The wheel rotation was 1780 rpm, while the part rotation
was 81 rpm. A 7.5-s spark-out value corresponding to 10
workpiece rotations was used. The literature indicates that
the spark-out time has to be chosen according to the time
between 10 and 20 rotations of the workpiece [8].

Although the system was limited to a cutting speed of
32 m/s, the combination of the peripheral speed of the

Fig. 4 Schematic of the
procedure used to print the wear
profile of the grinding wheel

Fig. 5 Fresh and worn profile
printing on cylinder by grinding
process
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workpiece and the cutting speed allowed a comparison be-
tween the different modes of lubri-refrigeration proposed dur-
ing the grinding process.

3 Results and discussion

3.1 Surface roughness

Figure 6 shows the average surface roughness (Ra) for each
lubri-refrigeration method and feed rate analyzed in this work.
The grinding temperature is a primordial factor for the work-
piece surface quality. According to Bianchi et al. [3], high
temperatures in the workpiece-wheel contact region induce a

ductile behavior to workpiece material, which increases defor-
mation during cutting, causing shape deviation and increasing
roughness values. In addition, the clogging of the grinding
wheel consists of a mixture of chips, abrasive grain fragments,
and cutting fluid residue, which clogs the pores and may come
in contact with the workpiece during grinding. Thus, these
particles cause the clogging to corroborate with rubbingmech-
anism against the workpiece, scratching it and negatively
influencing its roughness [22]. The lubrication allows the re-
duction of rubbing and plowing, which are responsible for
variations in the quality surface of the ground workpiece.
This fact shows that the lubrication also composes the vari-
ables that modify the surface shape and its roughness during
the grinding process [27]. It was observed that the cooling and

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 m/s

Feed rate (vf = mm/min)/specific removal rate (mm3/s) 0.25, 0.50, and 0.75 mm/min (0.81, 1.62,
and 2.43 mm3/s)

Rotational speed (nw) nw = 81 rpm

Depth of cut (a) a = 0.1 mm

Grinding width (e) e = 5 mm

Lubri-refrigeration condition/fluid temperature Flood/25 °C

MQL/25 °C

MQL + CA (cold air)/0 °C

MQL + WCJ (wheel cleaning jet)/25 °C

Conventional cutting fluid Emulsifiable oil, semi-synthetic with 3%
concentration (1:32), produced by ITW

Chemical-Rocol Ultracut 370

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

MQL fluid Vegetal-based oil, biodegradable, associated to
antioxidant additives, produced by ITW
Chemical-Accu-Lube LB 1100

MQL fluid flow rate 150 mL/h

Air pressure on the MQL system 0.7 MPa

Air cooling pressure on the MQL system 0.4 MPa

Temperature MQL fluid 0 °C

Air speed on the nozzle 32 m/s

Cleaning system Compressed air

Air pressure on cleaning system 0.8 MPa

Angle of incidence 30°

Workpiece material AISI 4340 steel, quenched and tempered

(55 HRC-600 HV)

Ø 62 ± 0.1 mm×Ø 30 ± 0.1 mm× 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 = 7.5 s
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lubricating capacity of the process together with the clogging
of the grinding wheel influences the average roughness [3, 22,
24]. Finally, it is essential to observe that under all grinding
conditions being analyzed, the average roughness was below
the acceptable maximum level of the grinding process
(1.6μm), which helps to sustain the use of alternative methods
proposed in a large scale in the means of production [4].

In the use of the MQL method, the worst roughness values
between the analyzed techniques were produced. The first
point to highlight is its low cooling capacity, which can not
only generate the higher grinding temperatures but also in-
crease the ductility of the material and its surface deformations
[3, 15]. In addition, the greater clogging produced by a low
capacity to remove the chips causes the increase of the average

roughness with the use of MQL method. On the other hand, it
should be considered that the excellent lubrication provided
by the MQL impacts the roughness. However, it is apparent
that the improvement in the roughness caused by the excellent
lubrication is not enough to compensate for the damages
caused to the surface through the low cooling because the high
temperature generated during the process intensifies the clog-
ging, which can be seen on the wheel’s enlarged cutting sur-
face in Fig. 7, and corroborates with form alterations and
damaging the surface quality of the workpiece, which can be
seen in Fig. 8.

The application of the conventional method with abundant
fluid produced the lowest values of average roughness for all
the cutting conditions analyzed. These results are explained by
the excellent refrigerant capacity of this technique, which re-
duces both cutting temperature, rubbing and plowing [27]. In
this sense, its satisfactory ability to remove the generated chips
during the cutting reduces the diametrical grinding wheel
wear, which explains the lower mean surface roughness
values [22]. However, the abundant use of cutting fluid in this
method degrades the ecosystem, harms the workers, and raises
the cost of machining, which is contrary to the values of con-
temporary sustainable production.

The application of the cold air to the MQLmethod reduced
the average roughness values, bringing them closer to the
results found with the conventional technique. These results
are justified considering the higher cooling capacity of this
technique about traditional MQL, due to the lower MQL fluid
temperature applied. In addition, the reduction of temperature
decreases the deformation of the material during cutting, re-
ducing the thickness of the chip, and clogging of the wheel [3,
28, 29]. Thus, the cutting temperature and its impacts on the

Fig. 6 Surface roughness (Ra) for different lubri-refrigeration and feed
rate conditions

Fig. 7 Enlarged grinding wheel surface after a dressing, b conventional method, c traditional MQL, d MQL + CA, and e MQL + WCJ grinding
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surface roughness are diminished, which brings significant
advances to the applicability of the minimum quantity of lu-
bricant for the process.

By joining the MQL and WCJ methods, results were ob-
tained substantially like those produced by the conventional
method for the three cutting conditions. In this sense, WCJ
significantly reduced the clogging of the grinding wheel to the
point of causing a significant difference in the surface quality
of the workpiece compared with the traditional MQL [5]. It is
possible to affirm that the clogging of the grindingwheel had a
greater influence on the roughness parameter in comparison
with the fluid temperature in the MQL, once the application of
the MQL + CA corroborates in mitigating plastic deformation
on the ground surface comparing with the traditional MQL
lubri-refrigeration, although the MQL method has shown to
be very similar to the conventional period, with no plastic
deformation on the surface ground. Therefore, WCJ increases
the employability of the MQL technique, which brings bio-
sphere preservation and benefits to the society, together with

excellent results in the grinding process, although excellent
results could be analyzed from low temperature compressed
air in MQL technique. In this form, both methods of MQL
application have the potential to aggregate an industry towards
green manufacturing.

3.2 Roundness error

Figure 9 shows the results in relation to the roundness error for
each evaluated lubri-refrigerationmethod. As in the roughness
parameter, the high temperature in the piece-wheel contact
zone causes damage to the parts. The cycles of temperature
variation during grinding cause thermal expansions
without homogeneity on the workpiece, which produces
geometric deviations in its structure, such as roundness
error [27]. Thus, the coolant techniques play a funda-
mental role in reducing these deviations through the
lower cutting temperature [21].

Fig. 8 Ground surface and profile
for a conventional, b traditional
MQL, cMQL + CA, and dMQL
+ WCJ lubri-refrigeration
methods
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The conventional method produced workpieces with less
roundness error values. These results are derived from the
excellent cooling capacity of this technique, which reduces
the high cutting temperature and its effects on grinding [16].
Thus, the thermal expansions are attenuated, increasing the
geometric precision of the grinding.

Another point to highlight is the results obtained with
MQL, where the low capacity to remove the chips by this
technique corroborated for the greater clogging of the grinding
wheel in relation to the other methods, which reduced the
cutting ability of the wheel and increased the deforms of the
ground surface, evidencing the geometric alterations of the
workpiece due to the high heat generation at the cutting inter-
face. [27]. However, low cooling ability of the MQL causes
the greatest impact to roundness due to the fact of not remov-
ing heat efficiently, increasing the temperature, which in turn
causes thermal dilations on the surface and structure of the
workpiece during the cutting [3]. Therefore, the worst result
of the MQL regarding the deviation of roundness is justified
mainly by the high cutting temperature and the high clogging
of the grinding wheel.

The application of MQL + CA demonstrated improve-
ments to the results of the traditional MQL for all analyzed
cutting conditions. According to Zhang et al. [32], the cold air
applied to the MQL reduces the temperature of the air-oil
mixture that reaches the cutting zone, i.e., the cooling capacity
of this technique is increased and, in this way, the temperature
in the workpiece-wheel contact zone and the thermal defor-
mations are reduced, justifying the smaller roundness error of
the MQL + CA about the traditional MQL. Consequently, the
application of cold air from a vortex tube is a cheap alternative
because it works from the compressed air that passes in its
interior, not needing other mechanisms for its operation.
Nevertheless, this equipment together with MQL brings im-
provements to the geometric precision, once the use of MQL

expands this technique in the industrial sector, promoting low-
er environmental impacts.

The cold air to the cutting surface of the grinding wheel
(WCJ) in conjunction with the MQL technique produces less
clogging of the grinding wheel compared with the traditional
MQL technique. Thus, the lower clogging increases the cut-
ting capacity of the grinding wheel and decreases the variation
of the shape of its surface, increasing the geometric precision
of the grinding [27]. Besides, increasing the cooling capacity
of the process reduces clogging of the porous and rubbing
with the workpiece, which in turn reduces energy dissipation
in the form of heat, decreasing the temperature of cut. The
MQL + WCJ results were significantly lower than those ob-
tained with the MQL + CA method. In addition, the results
with MQL + WCJ were substantially closer to those obtained
with the conventional method showing the viability of this
technique as an alternative to the abundant cutting fluid
method.

3.3 Diametral wheel wear

Figure 10 shows the diametric wheel wear for each lubri-
refrigeration method evaluated in this work. The fracture of
the bond and the abrasive grains are the main wear factors of
the grinding wheel under the machining conditions [21]. High
machining temperatures decrease the strength of the bond to
machining forces, which produces detachment of abrasive
grains and fracture of the bond [29]. In addition, wheel poros-
ity clogging increases the power consumption, which in turn
increases the stress under the bond and reduces its durability
[3, 4]. The abrasive grains lose mechanical resistance due to
the increase inmachining temperature, reducing the volume of
material that the grain can remove before fracture [16, 29].

Based on their excellent lubricant and cooling capacity
added to the ability to remove the chips from the cutting zone,
the conventional method presented the lowest tool wear
values under the grinding conditions studied. In this sense, it
is not only the reduction of the temperature of the cutting zone
but also the reduction of the clogging of the wheel when the
conventional method is applied [21]. Thus, these factors ease
the diametrical wheel wear, justifying the observed trend.

The application of the MQL produced the highest wear in
this work for all the cut depths evaluated. These results are
justified by the low cooling capacity of this technique in con-
sonance with the greater clogging in comparison with the
other techniques [7, 9]. These two factors together reduce
the resistance of the abrasive grains and of the bond, whereas
increasing the temperature in the workpiece-wheel contact
zone and the energy required for cutting, which corroborates
the wheel wear towards the results obtained.

The application of cold air to MQL showed a significant
reduction in the diametrical wear with this technique, which
can be seen in Fig. 10. It is remarkable that the application of

Fig. 9 Roundness error for different lubri-refrigeration and feed rate
conditions
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the MQL under low temperature softened the grinding wheel
wear mechanisms [32]. So, the MQL + CA presented wear
that justifies the use of it as an alternative to the conventional
methods in consonance with the great reduction of the amount
of cutting fluid used.

Among the alternativemethods, theMQL +WCJ produced
the lowest wear of the grinding wheel for the analyzed condi-
tions. The main highlight of this lubri-refrigeration method is
the significant reduction of the diametrical wheel wear pro-
vided byWCJ application simultaneously toMQL [3, 9]. This
fact demonstrates that the removal of the chips fromwithin the
porous was more important than the effects caused by temper-
ature reduction during theMQL +CA application. In addition,
the wear value of the MQL + WCJ method close to that ob-
tained with the conventional method showed its applicability
in large scale.

3.4 Grinding power

The cutting power for each grinding condition is set forth in
Fig. 11. Rodriguez et al. [20] conclude in their work that the
ductility of the material affects the cutting power because the
greater ductility demands less energy to deform and shear the
material. In this sense, the high cutting temperatures of the
grinding heat the material and increase its ductility besides
friction, rubbing, plowing, and clogging affect the cutting
power.

Using the conventional method, the abundant cutting fluid
provides excellent lubrication and cooling of the workpiece-
wheel contact zone. The excellent cooling capacity of this
method reduces the cutting temperature, which alleviates the
increase of the ductility and thereby maintains the high cutting
power of the grinding [22]. However, excellent lubrication
substantially alleviates rubbing and plowing, reducing cutting
power [27]. Nevertheless, the clogging is reduced by the ex-
cellent capacity to remove the chips from the cutting zone,
which plays a fundamental role in reducing cutting power
[9]. The results showed that the application of the

conventional method resulted in the lower values of cutting
power. This result can be justified by assuming that the effects
of the excellent capacity to remove the chips from the cut zone
together with the good lubricating capacity of this method
outweigh the effects of cooling on the cutting power.

The application of MQL provided the highest cutting pow-
er in the tests. The high clogging of the grinding wheel with
the use of this technique in the grinding raises the number of
particles by rubbing and scratching the surface of the work-
piece during the cutting, which increases the cutting power.
On the other hand, MQL has excellent lubricity, which re-
duces rubbing and plowing, and its low coolant capacity in-
creases the ductility of the material. However, the reduction of
the power consumption through the good lubrication and of
the greater ductility is not able to prevent the increase in the
power produced by the greater clogging, justifying the worse
result of the MQL in relation to the other methods analyzed.

With the use of the MQL + CA, there was an improvement
in the results regarding the cutting power to MQL. The cold
air reduces the cutting temperature, reducing the ductility of
the material, which in turn generates smaller chips [28, 32].
Thus, the shorter length of the chips minimizes the clogging of
the grinding wheel and facilitates its removal from the cutting
zone [3, 28, 29]. In addition, the lower MQL + CA grinding
temperature compared with the traditional MQL reduces abra-
sive grain detachment and bond fracture, prolonging the
grinding wheel aggressiveness [29]. In this way, less clogging
of the grinding wheel together with the prolongation of the
grinding aggressiveness substantially corroborates to reduce
the cutting forces.

The significant closeness between cutting power with the
MQL + WCJ application and the conventional method is vis-
ible. The MQL + WCJ removes much of the clogging from
the cutting surface of the grinding wheel, which reduces the
area of grinding wheel that scratches and rubs with the

Fig. 11 Grinding power for different lubri-refrigeration and feed rate
conditions

Fig. 10 Diametrical wheel wear for different lubri-refrigeration and feed
rate conditions
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workpiece during the contact, decreasing the energy dissipat-
ed in the process and, thus, making the cutting power is more
efficiently used [3, 4]. Therefore, WCJ brought improvements
to the MQL lubri-refrigeration method, which significantly
approximated the result of this combination and the result
using the conventional method, making it possible to use the
MQL in conjunction with the WCJ as an alternative to the
conventional method.

3.5 Specific grinding energy

Figure 12 shows the results of the specific grinding energy. It
is possible to observe that the best result was obtained with the
conventional andMQL +WCJ,MQL + CA, and finally MQL
technique. This trend is similar to that observed in the power
consumption analyze. The specific grinding energy is the
energy required to machine a unit volume of material.
According to Zhang et al. [31], The greatest influence
on the specific cutting energy is related to cutting force
parameters. Thus, mechanisms such as the lubrication of
the cutting zone and the clogging of the wheel directly
impact the specific cutting energy [20].

The conventional method presented the lowest specific
grinding energy, which can be justified by its excellent lubri-
cating capacity, reducing friction, rubbing, and plowing, de-
creasing the cutting force required [27]. The excellent ability
to remove the chips from the cutting zone substantially alle-
viates the clogging of the grinding wheel, which influences
the scratching of the workpiece and thereby the cutting force
[7]. Therefore, the best lubrication coupled with the lowest
clogging by using the conventional method provided low spe-
cific grinding energy in relation to the other methods evaluat-
ed in this work.

Another notable point is the higher specific grinding ener-
gy obtained with the MQL method. This lubri-refrigeration

system has characteristics of the excellent cutting region lu-
brication, but it generates a high clogging of the wheel, in
which produces opposite effects in the specific energy grind-
ing parameter [3, 4]. In this sense, excellent lubrication re-
duces friction, rubbing, and plowing; on the other hand, the
clogging of the wheel increases the cutting force required by
its lower grinding. For the grinding conditions analyzed, the
effects of greater clogging of the grinding wheel exceeded the
impact of the excellent lubrication of the cutting zone, justify-
ing the worst results of specific grinding energy.

The addition of cold air toMQL reduced the specific grind-
ing energy. With the cutting temperature reduced by the MQL
+ CA about the traditional MQL, the reduction of the clogging
of the grinding wheel occurs due to the smaller length of the
chip generated [32]. Furthermore, not only the clogging of the
grinding wheel but also the friction, the rubbing, and the
plowing of the cutting zone corroborate to the reduction of
the grinding energy observed in this work.

Regarding the results obtained with the use of MQL +
WCJ, cleaning the cutting surface of the grinding wheel with
WCJ substantially reduces the clogging of the wheel, i.e., the
amount of material is reduced by clogging the porosity of the
grinding wheel and increasing the area of contact workpiece-
wheel, which reduces rubbing and plowing and decreases the
cutting force [20, 27]. Therefore, the force reduction directly
impacts the specific grinding energy, which shows better re-
sults from MQL + WCJ in relation to MQL and MQL + CA.

3.6 Microstructure and microhardness tests

Figures 13 and 14 show respectively the microstructure and
microhardness of the analyzed samples. Grinding is the last
process in the machined parts manufacturing chain because it
is performed after heat treatment, when surface quality and
geometric precision are required [16]. Thus, microstructural
alteration in the workpiece during grinding can compromise
the heat treatment and the mechanical characteristics of the
piece due to thermal expansion of the workpiece during the
grinding process, which can contribute to dimension and
shape error of the final product. Aside from this, microstruc-
ture alteration can be occasioned residual traction tensions,
phase transformation, reduction of resistance to fatigue be-
sides crack in its structure [8, 16].

Figure 13 shows the microstructure of the material on the
ground surface under the most severe machining condition for
each coolant method. The higher feed rate hinders the pene-
tration of the applied fluids and increases the relative volume
of material removed, which increases the cutting temperature
and increases the machining difficulty [18, 20]. However,
there was no notable microstructural alteration on the material
for all systems analyzed, i.e., all techniques used demonstrated
to be enough to avoid internal alteration on the material. Thus,
the alternatives to the conventional method studied in this

Fig. 12 Specific energy grinding for different lubri-refrigeration and feed
rate conditions
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work did not produce thermal damages and microstructural
changes in the workpiece, which corroborates with the use
of these sustainable techniques.

The results of the hardness of the material are shown in
Fig. 14. The microhardness values remained within the toler-
ance range for the material studied. Therefore, this demon-
strates and supports the assertion that there was no significant
alteration in the microstructure of the material, maintaining its
mechanical properties. In this way, MQL, MQL + CA, and
MQL + WCJ were effective in keeping the grinding temper-
ature below the temperature that would affect the internal in-
tegrity of the material.

4 Conclusion

Based on the results of the application of conventional MQL,
MQL + CA, and MQL + WCJ lubri-refrigeration techniques
in the grinding process, it can be concluded in this work that:

& The use of the conventional lubri-refrigeration method
produced the best grinding results for all parameters ana-
lyzed in this work. These results are a result of the good
lubricating and cooling capacity of this technique. On the
other hand, this method uses large amounts of cutting
fluid, which degrades the nature and health of workers.

Fig. 13 Microstructure of ground
workpiece for a flood, b MQL, c
MQL + CA, and d MQL + WCJ
under the most severe condition
(feed rate of 0.75 mm/min)

Fig. 14 Microhardness values obtained from the workpieces surface and subsurface
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& In the traditional MQL method, compressed air plays the
main role in cooling the cutting zone and assisting in the
removal of the generated chips, which is lower when com-
pared with the conventional method. The worst results
were obtained with the MQL for all analyzed parameters,
considering the increase in temperature, clogging, and
scratching of the work surface, besides reducing the cut-
ting capacity of the grinding wheel. However, the very
reduced use of cutting fluid substantially increases the
sustainability of this method, which may justify the use
of this method as an alternative to the conventional
method.

& The application of cold air to the MQL by the MQL
+ CA method reduced the temperature of the applied
air-oil mixture, which corroborated the reduction of
the chips adhered to the porosity of the grinding
wheel, reducing the clogging phenomenon. Both pa-
rameters referring to the geometric and superficial
quality of the workpiece, as well as those referring
to the energy expenditure and wheel wear, were im-
proved, which demonstrates improvements in the
process when the MQL + CA is compared with
the traditional MQL.

& Cleaning the grinding surface of the grinding wheel by
WCJ significantly reduced the clogging of the grind-
ing wheel. Besides that, this lower clogging improved
the MQL results for all parameters analyzed, showing
that the combination MQL + WCJ produces results
very close to those of the conventional method.
Therefore, the MQL + WCJ is a more sustainable al-
ternative to the use of abundant cutting fluid of the
conventional method, surpassing the results of the tra-
ditional MQL and MQL + CA.

& The microhardness and metallography assay showed that
all the lubri-refrigeration methods of this work maintained
the machining temperature to a level that did not produce
significant microstructural alteration on the material.
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