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Abstract
Metalworking fluids (MWF) or flooded process based on mineral oil are widely used in industry, which is unsustainable 
and causes damage to employees and the environment, in addition to making up a significant part of the machining cost. On 
the other hand, abrasive machining methods, such as grinding, are increasingly used for their excellent finish and geometric 
precision but use large quantities of metalworking fluids. This work evaluates the alternative methods Minimum Lubricant 
Quantity (MQL), MQL + Cooled Air (CA), MQL + Wheel Cleaning Jet (WCJ), and MQL + Cooled WCJ in the grinding of 
AISI 4340 steel compared to the application of flooded process. Surface roughness, roundness error, G ratio, grinding power, 
specific energy, microhardness, cost per piece, and carbon emission tests were applied. From the results, MQL reduced the 
cost of grinding around 90% and carbon emission by 67% compared to grinding with flooded process. The MQL + CWCJ 
produced the best results of surface quality compared to other alternative techniques, significantly approaching the results 
of the flooded process.
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1  Introduction

Manufacturing plays an important role in society, provid-
ing necessary goods for consumers and representing great 
strength in the global economy. In addition, the industry 
(mining, manufacturing, and construction) is responsible for 
a quarter of jobs in the world [1]. This sector is always in 
constant growth, which increases the demand for materi-
als and energy to supply the needs of the market and to be 
efficient in the processes [2]. Thus, manufacturing gener-
ates a high impact on the environment, being responsible 
for 84% of CO2 emissions and 90% of energy consumption 
in the industry [1]. Also, there are problems involving the 
inappropriate disposal of wastes, which can cause damage 
to the environment due to the toxicity that contaminates the 
soil and water [2, 3].

In this sense, among the processes of the manufacturing 
industry, there are the grinding process, which guarantees 
the workpieces with great dimensional precision and excel-
lent surface finish, being normally the last process in the 
production chain [4, 5]. These characteristics justify the need 
for grinding in high-tech areas, such as aero-engines and 
missile guidance systems, to achieve the qualities demanded 
[6]. Grinding takes place by removing material from the 
workpiece using a tool called the grinding wheel, consist-
ing of abrasive grains, bond, and porosity, in such a way 
that multiple cutting edges are obtained by contacting the 
workpiece and removing the chips [7]. Therefore, this pro-
cess involves a lot of energy, which is dissipated in the form 
of heat in the contact area between workpiece and grinding 
wheel [7, 8]. With this increase in temperature, damage to 
the workpiece can occur, such as burns, changes in its micro-
structure, and dimensional deformations [9]. Overheating 
in the contact area can also cause problems in the grinding 
wheel, such as loss of precision and clogging, caused by 
the allocation of chips in the pores of the grinding wheel, 
impairing the cutting power and decreasing its life [10, 11]. 
Therefore, these problems, in addition to causing damage 
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and loss in the quality of the workpiece, also generate an 
increase in production costs, related to the excessive con-
sumption of the tool and the damaged workpieces that need 
to be discarded.

Benedicto et al. [12] state that as a way of solving the 
problems, metalworking fluid (MWF) or flooded process is 
predominantly used in the industry, where its use allows the 
reduction of temperature and friction at the point of contact 
between the workpiece and the grinding wheel, in addition 
to preventing material corrosion and removing residues from 
the grinding wheel, avoiding clogging. In this sense, with the 
metalworking fluid method, 2,000,000 m3 of cutting fluids 
are used annually, however, adding the dilution in water to 
generate the solution, the volume used is much higher [13]. 
On the other hand, the use of these cutting fluids is harmful 
to the soil and water, since they are not biodegradable, and 
their improper disposal can affect animals and people that 
come into contact with contaminated water, thus generat-
ing ecological damage [14]. In addition, during the process 
workers can develop respiratory problems, due to inhala-
tion of particles in the air, and dermatological problems, 
due to direct contact with the skin [15]. Due to its toxicity, 
most industries are obliged to outsource the disposal ser-
vice of this fluid to companies specialized in the area, which 
increases production costs considerably [16]. Kuram et al. 
[17] state that substances are added to the flooded process to 
increase the stability of the oil emulsion with water, reduc-
ing the proliferation of microorganisms, such as fungi and 
bacteria, which decrease the efficiency of fluids. This gener-
ates a gain in productivity and durability of the fluid, on the 
other hand it harms the employee involved in the process, 
leading to costs with unsanitary conditions and replacement 
of employees, increasing production charges [14, 18].

Thus, alternative lubri-refrigeration techniques have been 
developed and improved, in order to reduce environmental 
impacts and production costs, as is the case with nanofluids, 
cryogenics, and plant fluids. Nanofluids consist of the sus-
pension addition of 1–100 nm nanoparticles (such as CuO 
and Al2O3) in base fluids, improving the thermal transfer 
during the process, preventing high temperatures in the cut-
ting zone and minimizing the increase in the ductility of the 
machined material [19]. The cryogenic technique, on the 
other hand, consists of applying fluids under low tempera-
tures and high pressure, providing a good cooling capacity 
in the grinding, generally applied during the machining of 
high hardness materials, such as titanium alloys [20, 21]. 
Vegetable fluids are mostly produced from plants, as is the 
case with palm oil and soybean oil, making this a technique 
that combines high lubricating power with good biodegra-
dability, minimizing costs and environmental impacts gener-
ated by the disposal of flooded process with synthetic oils 
[22, 23].

However, an alternative technique has stood out among 
the others: the minimum quantity of lubricant (MQL). The 
method consists of using an exceedingly small amount of oil, 
which is mixed with compressed air and sprayed by a noz-
zle directly on the workpiece-tool contact region during the 
grinding process [14]. The MQL uses about 30–150 mL/h 
of oil, normally ecological, without the presence of mineral 
substances, drastically reducing the abundant amount used 
by the traditional flooded process by approximately 60 L/h. 
In addition, MQL does not require the fluid to be stored, 
treated, or disposed of, reducing its application cost [24–26]. 
The technique has a high lubricating capacity due to the 
presence of pure oil, reducing the friction from the cutting 
process [26]. In addition, the MQL can penetrate the air 
barrier formed by the high rotation speed of the grinding 
wheel more effectively than the flooded process, enabling 
the direct application of the jet in the cutting region, ensur-
ing the efficiency of the technique [22, 27]. Another positive 
effect provided by MQL is that the atomization of the fluid 
favors the action of the rebinder effect, which, due to the 
atomization of the fluid, prevents the closure of the surface 
micro-cracks of the workpiece during plastic deformations. 
Thus, these cracks become stress concentrators, facilitating 
the propagation of cracks and shearing of the workpiece, 
which reduces the cutting energy required to perform the 
cut during grinding [18, 28].

Although MQL has numerous benefits in terms of sus-
tainability, this alternative technique still has many disad-
vantages in relation to the final quality of the workpiece 
produced, compared to the flooded method. Damasceno 
et al. [29] concluded in their work on grinding of AISI 4340 
steel that, even with the use of low depth of cut (0.02 mm), 
the average surface roughness using MQL was about twice 
that obtained with MWF. In contrast to the high lubricating 
power, the MQL has low cooling power, making sure that 
the high temperatures generated in the cutting zone are not 
dissipated in the ideal way. As a result, the high tempera-
ture present during the process increases the ductility of the 
workpiece and promotes large plastic and elastic deforma-
tions in the material, also reducing the quality of the cut and 
consequently the surface of the machined workpiece [30]. 
The non-abundance of fluid combined with high tempera-
tures also leads to an increase in the clogging phenomenon 
of the grinding wheel, in which chips generated during cut-
ting are not properly expelled from the cutting region and 
end up being allocated between the pores present in the tool. 
In addition, a flash butt welding phenomenon can occur in 
the chips housed between the grinding wheel grains, reduc-
ing the density of active grains on the cutting surface of the 
tool [31]. Thus, the generation of a layer of a mass composed 
of chips and bonds occurs over a large amount of abrasive 
grains, impairing the efficiency of cutting them [32, 33].

436 The International Journal of Advanced Manufacturing Technology (2023) 125:435–452



1 3

To reduce the high temperatures, present during the 
grinding process with the MQL method, the use of Cooled 
compressed air (CA) combined with the MQL was studied 
by Saberi et al. [34] and Zhang et al. [35]. The cooled air 
is obtained using a vortex tube, which has the purpose of 
dividing the air flow into two secondary flows of different 
temperatures, directing a cooled flow to the spray nozzle 
of the MQL and dissipating the hot air flow resulting from 
this division to the environment [36]. Thus, while the high 
lubrication of the MQL acts, the CA coupled to the MQL 
system increases the thermal conduction and the cooling of 
the technique, reducing temperatures in the cutting region 
[34]. Lopes et al. [25] conducted a study on the grinding of 
AISI 4340 steel using the MQL + CA technique. Although 
the study showed significant improvements in the param-
eters of average surface roughness and roundness error com-
pared to traditional MQL, the difficulty related to the clog-
ging phenomenon of the grinding wheel remained, making 
these parameters still far from those obtained using flooded 
process.

To solve this problem, the auxiliary system for surface 
cleaning of the grinding wheel (WCJ) was developed, which 
applies a jet of compressed air directly to the surface of the 
grinding wheel after contact with the workpiece, improving 
the expulsion of the chips generated during cutting, provid-
ing a high reduction in the clogging indexes of the grinding 
wheel [37–39]. The presence of a pasted layer increases the 
power required to perform the cut and increases the surface 
roughness of the workpiece. The layer reduces the amount 
of active abrasive grains in the cut, overloading the grains 
still active, increasing the wear of the grinding wheel due to 
the increase in macro-fractures, increasing production costs 
and reducing the cutting capacity of the tool. A study by 
Oliveira et al. [40] concluded that the positioning of the WCJ 
injector nozzle at a position of 30° in relation to the central 
axis of the grinding wheel provides better results, in its study 
on the grinding of AISI 4340 steel. The cutting quality of 
the grinding wheel was shown less impaired throughout the 
grinding process due to the reduction of clogging, improving 
the surface quality of the workpiece produced, approaching 
the values obtained by using MWF.

Thus, to add the advantages presented by the MQL 
method, the CA technique, and the WCJ system, the unprec-
edented and innovative MQL + CWCJ method has become 
an excellent alternative. In this method, in conjunction 
with MQL, the grinding wheel surface cleaning system is 
applied using a cooled air (CWCJ) as its cleaning jet, using 
a vortex tube. In this way, together with the act of clean-
ing, the same system cools the surface of the tool, allow-
ing the minimization of clogging of the grinding wheel and 
high cutting temperatures, all combined with the sustain-
able technique of MQL. Thus, results obtained in grinding 
using the MQL + CWCJ method can be compared with the 

pre-existing alternative methods and the efficiency of this 
new technique can be analyzed. Thus, this innovation has 
the purpose of reducing the environmental and economic 
impacts generated by the traditional flooded technique, with-
out causing a significant loss in the quality of the workpiece.

Therefore, this paper aims to analyze the parameters of 
surface roughness, roundness error, G ratio, cutting power, 
specific cutting energy, microhardness, pollution, and 
costs, comparing them between the flooded process, MQL, 
MQL + CA, MQL + WCJ, and MQL + CWCJ. To carry out 
this work, a common material and grinding wheel were used 
in the grinding area (CBN grinding wheel and 4340 steel), 
seeking effectiveness and relevance in the industry. The pur-
pose of the article is to present innovative techniques that 
allow a reduction in the environmental impact, reducing the 
amount of cutting fluids in the process, without losing the 
necessary quality of the workpieces, thus having a positive 
impact for society.

2 � Material and methods

The analyses carried out in this work were all made regard-
ing quenched and tempered AISI 4340 steel, which has a 
hardness of 55 ± 2 HRC. The workpieces had the shape of 
a ring, comprising as dimensions: 5 ± 0.1 mm in thickness, 
30 ± 0.1 mm in internal diameter and 62 ± 0.1 mm in exter-
nal diameter.

All workpieces were machined using the external cylin-
drical plunge grinder, manufactured by Sulmecânica, CNC 
model RUAP515H. As a cutting tool, the CBN SBN-
151Q12VR2 superabrasive grinding wheel, with vitrified 
bond, produced by Nikkon—Saint Gobain, was used with 
dimensions: 355.6 mm in external diameter and 15 mm in 
width. For the dressing of the grinding wheel, a multi-gran-
ular diamond conglomerate dressing tool, manufactured by 
Master Diamond, was used. In each test run, a thickness of 
0.2 mm of surface was removed from the grinding wheel, by 
performing 50 cycles of 4 µm each. The advancement speed 
of the dresser was 500 mm/s, while the speed of the CBN 
grinding wheel was 32 m/s.

The realization of this work was based on 5 processes, 
the first being the flooded process, the second MQL, the 
third MQL + CA, the fourth MQL + WCJ, and the fifth 
MQL + CWCJ.First, tests were carried out using flooded 
process as a lubrication and refrigeration. The basic com-
ponents of this system were an application nozzle, a flow 
meter, a centrifugal pump, hoses, and a fluid reservoir. The 
applied fluid was the semi-synthetic oil, model Rocol Ultra-
cut 370, produced by ITW Chemical Products Ltda, with a 
1:32 oil–water dilution (3% oil). The fluid was applied with 
a high flow rate (17 l/min) and under a pressure of 0.1 MPa. 
The equipment installed on the grinding machine for the 
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different scenarios adopted in this research are illustrated 
in Fig. 1.

In the second test, the process was performed using the 
MQL system. This technique employed as main elements: a 
flow meter, an air compressor, a pressure regulator, and an 
application nozzle with an ITW Accu-Lube 79053D mixing 
system, produced by ITW Chemical. Products Ltda. The 
spray nozzle of the system was positioned 25 mm from the 
cutting zone. The flow meter used for monitoring the air flow 
was the Contech SVTG12/12BA4A44BS. The fluid used in 
this method was vegetable-based oil Rocol Biocut 9000, 
manufactured by ITW Chemical Products Ltda, containing 
anti-oxidant additives, in order to prevent the degradation of 
the fluid and maintain its stability [40]. The air-oil mixture 
was sprayed at a flow rate of 150 ml/h and under a pressure 
of 0.8 MPa.

The third grinding scenario was using the cooled air 
(CA) system combined with the MQL method, providing 
the MQL + CA method. The application nozzle of the CA 
system was positioned close to the MQL nozzle, in the same 
direction for air cooling, the CA system consisted of a vor-
tex tube, model 6910.15, manufactured by Emuge-Franken, 
which supplied air at a temperature of 0° C, under a pressure 
of 0.4 MPa.

The wheel cleaning jet system (WCJ) was also tested, 
using this technique simultaneously with the MQL method, 

resulting in MQL + WCJ lubrication-cooling. The WCJ was 
composed of an application nozzle, an air compressor, and 
pressure control valves and ducts. The nozzle for applying 
the compressed air jet was positioned 1 mm from the cutting 
surface of the CBN grinding wheel. In addition, to provide 
a condition of greater efficiency for the auxiliary cleaning 
system, the nozzle was positioned at an angle of incidence of 
30° in relation to the grinding wheel, following the excellent 
results obtained for this scenario in the studies by Oliveira 
et al. [41], Garcia et al. [14], and Lopes et al. [42]. The jet 
pressure of compressed air applied by WCJ under the surface 
of the grinding wheel was 0.2 MPa.

As the last tested lubri-refrigerant method, the cooled 
wheel cleaning jet (CWCJ) system was used in associa-
tion with the MQL technique, providing the creation of the 
MQL + CWCJ technique. The CWCJ system consists of the 
same components as the WCJ system, but with the addition 
of a vortex tube, responsible for cooling the compressed 
air of the cleaning jet, model 6910.15, supplied by Emuge-
Franken. In addition, an air dryer device is also added to the 
system, to remove the moisture present in the air, preventing 
the formation of ice in the system. With these components, 
the air expelled by the cleaning nozzle can be cooled, with-
out the consequent complications. Due to the mechanics 
presented by the vortex tube, the temperature and pressure 
in this device are dependent parameters, as explained by 

Fig. 1   Experimental setup for different lubri-refrigeration conditions being a flooded, b MQL, c MQL + CA, d MQL + WCJ, and e 
MQL + CWCJ
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Saberi et al. [34]. Thus, values for both tube outlet param-
eters needed to be defined for the tests, with a temperature 
of 0° C and an outlet pressure of 0.2 MPa.

To provide good statistical reliability to the tests per-
formed in this work, for each of the 5 different grinding 
scenarios (Flood, MQL, MQL + CA, MQL + WCJ, and 
MQL + CWCJ), 5 samples of workpieces of AISI 4340 were 
machined, resulting in a total of 25 workpieces grounded in 
this survey. The feed rate imposed in the performance of all 
tests was 0.50 mm/min, in addition to a specific removal rate 
of 1.62 mm3/s. The removal of material during the grind-
ing occurred through 50 cycles, resulting in the removal of 
0.1 mm in diameter of material per cycle. Thus, the total vol-
ume of material removed from AISI 4340 steel workpieces 

was estimate 2336.56 mm3. Thus, the final dimension of the 
outside diameter obtained on the workpieces after machin-
ing was 57 mm measured. Values of 1792 rpm and 163 rpm 
were adopted for the rotation speed of the tool and work-
piece, respectively. Thus, the β ratio used in the processes 
performed was 11:1, i.e., the tool performed 11 rotations 
for each rotation of the workpiece. The speeds were cho-
sen according to King and Hahn [43], who established that 
β ratio must be an odd integer to reduce the wheel runout 
effect, which could result in an increase in the roundness 
error of the workpieces. A 5-s spark-out time, after each 
machining cycle, was also defined, to reduce shape errors. 
Table 1 shows the machining parameters used during the 
grinding processes.

Table 1   Grinding parameters

Grinding process External cylindrical plunge grinding

Grinding wheel Cubic boron nitride SBN151Q12VR2 (1A1 Ø 350 ( ds ) mm × 15 ( bs ) mm × 5 mm)
Workpiece AISI 4340 steel, quenched and tempered (55 HRC), ring-shaped, Ø 30 ± 0.1 mm (internal) Ø 

62 ± 0.1 mm (external) × 5 ± 0.1 mm ( bw)
Feed rate ( vf ) 0.50 mm/min
Volume of material removed per piece ( V) 2336.56 mm3

Workpiece rotation ( nw) 163 rpm
Cutting speed ( vs) 187.65 rad/s
Depth of cut ( a) 0.1 mm
Grinding radial distance ( ae) 2.5 mm
Minimum wheel diameter ( d

min
) 340 mm

Lubri-refrigeration technique Flooded process and MQL
MWF fluid Emulsificable oil, semi-synthetic, 3% concentration (1:32), model Rocol Ultracut 370, produced 

by ITW Chemical Products
MQL fluid Vegetal based oil, biodegradable, associated to antioxidant additives, model Biocut 9000, pro-

duced by ITW Chemical Products
Cutting fluid flow rate ( Vjet) 17 l/min (flooded)

0.0025 l/min (150 ml/h) (MQL)
Cutting fluid pressure 0.1 MPa (flooded)

0.8 MPa (MQL)
Lubri-refrigeration method/air temperature Flooded/ 25 °C (room temperature)

MQL/ 25 °C (room temperature)
MQL + CA/0 °C
MQL + WCJ/25 °C (room temperature)
MQL + CWCJ/0 °C

Cleaning system air pressure/incidence angle 0.2 MPa/30°
Compressed air flow (Vair) 0 (flooded)

0.85 m3/min (MQL and MQL + CA)
1.982 m3/min (MQL + WCJ and MQL + CWCJ)

Vortex tube pressure 0.4 MPa
Dresser Diamond multi-granular (15 mm × 8 mm × 10 mm)
Dressing depth ( ad)/dressing speed 0.2 mm (50 cycles of 4 µm each) /500 mm/min
Number of workpieces between dressing (Nd) 2
Rapid tranverse distance ( R ) /rapid approach 

and retract rate ( r)
300 mm/36000 mm/min

Spark-out time ( tso) 5 s
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The measurement of surface roughness (RA) was obtained 
through the arithmetic mean of 10 measurements taken on the 
workpieces after the end of each grinding test. The distances 
between the measures taken were equidistant, with a 36° 
interval between them. This procedure was performed using 
a Taylor Hobson model Surtronic3 + instrument, selecting the 
Gaussian filter, with 0.25 mm cut-off and 1.25 mm length.

For the calculation of roundness error, the same princi-
ple of surface roughness was applied, calculating the aver-
age between measurements taken in 3 different positions, 
thus determining the roundness error. The instrument used 
is also a product of the Taylor Hobson Company, treat-
ing of a Taylrond 310 roundness meter, used with a Least 
Square Circle filter (LSCI), presenting 0.02 µm accuracy.

As for the G ratio (Eq. 1), it was determined as proposed 
by Bianchi et al. [32] and Malkin and Guo [44], initially 
calculating the diametrical wear of the grinding wheel by 
the indirect method. In this method, after the grinding of 
each workpiece, an AISI 1020 steel cylinder (90HRB) was 
machined by the CBN grinding wheel before the dressing 
process, defining the markings and characteristics of its 
profile on the workpiece. This method is shown in Fig. 2. 
Then, again with Surtronic3 + and the TalyMaps Software, 
the machined surface of the cylinder was measured, obtain-
ing data on the wear of the grinding wheel. With this, it 
was possible to use this measurement to determine the G 
ratio, which provides the relationship between the volume 
of ground material (difference between the volume of the 
workpiece before and after the grinding process) and the 
volume of the spent grinding wheel (indirect method), 
being a relevant factor for the costs of the grinding process. 
This calculation is given by Eq. 1:

where

Vw	� volume of material removed from workpiece

(1)G =
Vw

Vs

=

(�D2
w
−�d2

w
)

4
xt

(�D2
r
−�d2

r
)

4

Vs	� volume of grinding wheel wear

Dw	� initial diameter of the workpiece

dw	� final diameter of the workpiece

Dr	� initial diameter of the grinding wheel

dr	� final diameter of the grinding wheel

t	� thickness of the workpiece

In the cutting power analysis, current (A) and electric 
tension (V) data from the grinder motor were used, based 
on the study by Fernandes et al. [45]. Therefore, the data 
were obtained by means of two Hall effect sensors, with 
an update rate of 2kS/s, connected to a PCI-6035EDAQ 
card with 16-bit resolution. The signals were handled by a 
Curvopower3 electronic circuit, integrated into a computer 
equipped with A/D data acquisition board and Software Lab-
VIEW 7.1. This made it possible to analyze the data col-
lected and determine the power consumed. In addition, using 
an encoder with the function of monitoring the rotation of 
the grinding wheel, the specific cutting energy was found. 
The power consumed is directly linked to the conditions of 
the cutting surface of the grinding wheel. Therefore, obser-
vations were performed with scanning electron microscopy 
(SEM) on the cutting surface of the tool at each test. To this 
end, a Carl Zeiss, model EVO LS15 equipment was applied 
in magnifications of up to × 1000.

Regarding microhardness, the Vickers test was used for 
each ground workpiece. For this, 3 measurements were taken 
for each of the 5 depths determined, between 60 and 300 µm, 
calculating the average for each depth. The tool used was 
a Mitutoyo HM—211 microhardness tester, with diamond 
indenter. Following the recommendations of ASTM E140, 
the applied load was 300 g. The verification of possible ther-
mally affected regions was also performed by the analysis 
of micrographs. Samples of machined sections of the work-
pieces were sanded, polished, and chemically attacked with 

Fig. 2   Grinding wheel wear 
measurement test

a b
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wheel wear

Wheel surface 
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Nital acid. These regions were observed and photographed 
by microscope (Olympus BX-51) with a magnification 
of × 500.

The cost per piece for each condition provided data for eco-
nomic evaluation of the grinding process against the variation 
in cutting fluid application. Equations 2, 3, and 4 show vari-
ables considered for the cost calculation. The Cwheel (Eq. 2) 
considers the cost of wheel wear during grinding. The Cfluid 
(Eq. 3) is the cost of purchase and disposal of the fluid. The 
Cenergy (Eq. 4) is the cost of energy used in the grinding pro-
cess and method’s equipment. Thus, Eq. 5 (Cmethod) show the 
cost of application of the analyzed methods by US$/piece. The 

equations were adapted from the works by Field et al. [46] and 
Pusavec et al. [47]. The calculated cost considers the parame-
ters influenced by the objects of the study, e.g. type of grinding 
wheel and method of cutting fluid application. Table 2 presents 
the values of each parameter of Eq. 4.

(2)Cwheel =
Cs ⋅ V

G

(3)Cf luid =
vjet

Nc

⋅

(

Cf + Cw

)

⋅

(

2 ⋅ R

r
+

ae

vw
+ tso

)

Table 2   Variables considered for cost and pollution calculation

Description Unit Values

ae Radial distance feed during finish feeding [mm] 2.5
Ce Energy cost (“electricity prices,” 2020) [$/kWh] 0.12
CEe Carbon emission by energy [48] [kgCO2/MJ] 0.128
CEoil Carbon emission by oil production [47] [kgCO2/l] 3.0616
Cf Metalworking fluid cost [$/l] Flooded 0.4125 (3% oil)

MQL 13.75 (Pure oil)
Cs Cost of usable grinding wheel [$/mm3] 0.008377547
Cw Cost of disposal the cutting fluid [13] [$/l] 0.085
Cair Compressed air cost [49] [$/m3] 0.0106
vw Fine infeed grinding rate [mm/min] 0.5
G G ratio [-] Flooded 256

MQL 112.88
MQL + CA 132.61
MQL + WCJ 159.18
MQL + CWCJ 194.96

Nc Number of fluid cycle life [-] Flooded 10
MQL 1

Pair Air compressor power [W] Flooded 0
MQL 5500

Pbo Oil pump power [W] Flooded 372.85
MQL 0

Pc Cutting power [W] Flooded 282.96
MQL 417.14
MQL + CA 362
MQL + WCJ 289.86
MQL + CWCJ 297.42

R Rapid traverse distance [mm] 300
r Rapid approach and retract rate [mm/min] 36,000
Kp Oil dilution proportion [-] Flooded 0.03

MQL 1
vjet Fluid flow [l/min] Flooded 17

MQLs 0.0025
tso Time to spark out [min] 0.08333
Vair Compressed air flow [m3/min] Flooded 0

MQL 0.85
V Volume of workpiece removed in grinding one piece [mm3/piece] 2336.56
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Pollution analysis is done by calculating how many 
KgCO2 (carbon emission) are generated to make a piece. 
Thus, Eq. 6 is the carbon emission resulting from the energy 
used in the grinding and in the lubri-refrigerant equipment. 
In addition, Eq. 7 shows the equivalent carbon emission 
related to the manufacture of the oil consumed by the lubri-
refrigerant method during grinding. Finally, Eq. 8 is the total 
equivalent amount of CO2 emitted per ground piece. The 
variables are shown in Table 2.

3 � Analysis and discussion

In this section, the data obtained from the performance of 
the tests for each lubri-refrigerant method will be presented 
and analysed.

3.1 � Surface roughness

Surface roughness is one of the results ways to analyze the 
finish quality of a workpiece. From this analysis, the indus-
try can estimate the expected final surface quality in the 
use of each lubri-refrigerant method in the production of 
workpieces from AISI 4340 steels ground with CBN grind-
ing wheel. The variations in values obtained in this param-
eter are mainly dependent on the cut quality performed by 
the grinding wheel and the ability of the lubri-refrigerant 
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technique to reduce cutting temperatures and to minimize 
friction in the workpiece-tool contact zone [50].

The results of average surface roughness (Ra) for each 
lubri-refrigerant method are shown in Fig. 3. It is observed 
that the best value was obtained with the use of flooded 
process. However, all values were satisfactory, ranging from 
0.21 to 1.14 μm. Thus, all remained below the limit rejec-
tion value of 1.6 μm established and applied in the grinding 
processes, making all the applied techniques acceptable for 
this parameter under analysis [37, 44].

In this context, flooded process presented the best result 
(0.21 μm) due mainly to its high refrigerant capacity. The 
fluid has a composition of approximately 97% water, having 
a high specific heat capacity, allowing the heat generated at 
the cutting surface to be largely absorbed by the fluid and 
dissipated. In addition, the great abundance of fluid used 
in this method minimized the occurrence of the clogging 
phenomenon, which corresponds to the formation of a mass 
composed of fluid and chip at high temperature, which is 
allocated on the surface of the grinding wheel over the 
abrasive grains, reducing the cutting capacity of the tool, 
making the action of abrasive grains difficult and providing 
worse surface quality [51]. In this way, the flooded process 
provided the removal of chips generated by machining and 
prevent to allocate them in the pores of the tool, which meant 
that the cut quality of the CBN grinding wheel was main-
tained during the grinding.

In contrast, the pure MQL method showed the highest 
values of surface roughness. Although it has high lubricat-
ing power, which reduces the friction between the workpiece 
and tool, the MQL’s cooling capacity is minimal due to its 
100% oil composition [14, 18]. Thus, the temperature in 
the workpiece-tool contact region in this method was high, 
which increased the ductility of the material, the occurrence 
of rubbing on the surface and, consequently, the surface 
roughness. Furthermore, the low amount of fluid applied 
by the MQL made it difficult to remove the chips, which, 
together with the high temperature in the cutting zone, pro-
vided an ideal setting for a high clogging of the grinding 
wheel. Similar results of higher surface roughness were 
reported compared to flooded process in the AISI 4340 steel 

Fig. 3   Surface roughness values 
for different lubri-refrigeration 
conditions
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grinding with application of pure MQL by Oliveira et al. 
[41] and Sato et al. [52].

The surface roughness for sustainable MQL + CWCJ 
method was the second best to flooded process. The tech-
nique presented a value of 0.41 μm, which represents a 
roughness of about 64%, 42%, and 24% less than the meth-
ods MQL, MQL + CA, and MQL + WCJ, respectively. To 
minimize the negative effects resulting from MQL, the 
MQL + CWCJ counts on the aid of the refrigerated cleaning 
system. In this way, system has functions of reducing tem-
perature of cutting surface of grinding wheel and promot-
ing expulsion of the chips, minimizing clogging of grinding 
wheel. Thus, the low abundance and cooling capacity of the 
MQL are partially compensated. The low temperature of the 
chilled air expelled by the system also made it difficult to 
allocate chips on the cutting surface of the grinding wheel, 
as they become less ductile and, thus, have greater difficulty 
in deforming and allocating themselves in the pores, also 
making them more brittle and minors. In this way, even the 
chips that were not expelled by the cleaning system did not 
significantly affect the cut quality of the abrasive grains of 
the grinding wheel, since the paste generally formed in the 
clogging phenomenon was not fully developed. Therefore, 
there was almost complete maintenance of the cut quality of 
the CBN grinding wheel, providing low surface roughness, 
very close to that obtained by flooded process. It is also 
noteworthy that, in addition to obtaining excellent results of 
surface roughness, the MQL + CWCJ acts in an ecologically 
correct way due to the extreme reduction of fluid used, with-
out damage to the environment or to the grinding machine 
operator.

Although they also showed better surface roughness 
compared to MQL, the sustainable methods MQL + CA 
and MQL + WCJ showed worst results compared to 
MQL + CWCJ. The addition of the CA system next to the jet 
expelled by the MQL promoted a reduction in temperatures 
in the cutting zone; however, it did not show good efficiency 
in reducing the clogging of the grinding wheel, since the 
generated chips ended up not being expelled from the cutting 
region and the quality of cutting of the grinding wheel was 
impaired, as also presented in the work of Lopes et al. [25]. 

MQL + WCJ, on the other hand, presented a better result 
in comparison to MQL + CA due to its better efficiency in 
combating clogging, expelling the generated chips and mini-
mizing the formation of the paste on the cutting edges. In 
contrast, temperatures in the workpiece-tool contact region 
remained high, given that the thermal conductivity of the 
air in the WCJ is much lower than that of water (flooded 
process) at room temperature, which resulted in deforma-
tions of the machined workpiece surface, following values 
with the same tendency of the studies carried out by Bianchi 
et al. [32] and Javaroni et al. [38]. Thus, it can be concluded 
that the ability to reduce the clogging of the grinding wheel 
has a more significant positive influence in reducing surface 
roughness than the ability to minimize the temperature in 
the cutting zone.

3.2 � Roundness error

The roundness error parameters, together with the surface 
roughness parameter, are the most common analyses per-
formed to verify the final quality of the workpiece ground. 
The higher the roundness error value, worse the result 
obtained from machining. Usually, this error in the geomet-
ric shape of the material occurs due to large thermal varia-
tions and high stresses present in the process. Both effects 
provide radial deformations in the workpiece, compromising 
one of the main purposes of the grinding process, which is 
high dimensional accuracy [53]. Thus, the proper selection 
of the lubricant and refrigerant technique to be used is essen-
tial in order to minimize these problems.

The roundness error values obtained for the different 
lubri-refrigerant methods applied are shown in Fig. 4. Note 
that the results follow a trend similar to the results of the 
surface roughness parameter. This similarity was expected, 
as high roundness error values result in the process not being 
homogeneous, which reduces the workpiece’s surface qual-
ity [51].

In this context, it can be seen in Fig. 4 that the lower 
result was obtained with the flooded process, 2.84 μm, 
while the higher was presented using the traditional 
MQL, with a value of 6.11 μm. This is due to the difficulty 

Fig. 4   Roundness error values 
for different lubri-refrigeration 
conditions
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presented by MQL to reduce temperatures in the cutting 
region. Although this technique has the benefit of reducing 
friction and consequent heat generation in the workpiece-
tool contact, the inability of the method to cool the same 
region provides high temperatures. Thus, thermal varia-
tions occur that cause the workpiece to undergo thermal 
expansion, resulting in the deformation of the shape of 
the workpiece.

On the other hand, the MQL + CWCJ method presented 
an excellent result, being the best sustainable method 
in relation to the roundness error, with a low value of 
3.31 μm. Due to the CWCJ system, the technique reduces 
clogging of the grinding wheel. Thus, more cutting edges 
remain active and with high cutting capacity, dividing 
the cutting force into a larger area of contact between 
grains and the workpiece surface, making lower stresses 
necessary for grinding. Thus, lower values of roundness 
error are obtained, due to the low occurrence of radial 
deformations provided by these stresses. This analysis 
can be strengthened by looking at the result obtained for 
MQL + WCJ, which showed an improvement of 36% com-
pared to MQL.

In addition, another factor responsible for the excellent 
result of the MQL + CWCJ is its cooling capacity. In addi-
tion to reducing temperatures in the cutting zone, due to 
the fact that the refrigerated cleaning is directly applied to 
the cutting surface of the grinding wheel, the temperature 
in the tool is also highly reduced. Thus, thermal variations 
were less accentuated in the tool, providing homogeneity 
of the cut and low values of roundness error. Thus, the 
use of CWCJ is a great option considering, in addition to 
its efficiency, high sustainability, since the low amount of 
fluid used in MQL prevents contamination of the environ-
ment by oil and also reduces production costs related to 
the purchase and storage of cutting fluid.

The values obtained for MQL + CA were about 24% 
lower than MQL. The fact that the cooled air is applied in 
the workpiece-tool contact region and not on the surface of 
the grinding wheel, as it is in the MQL + CWCJ technique, 
causes that this method is less efficient to avoid clogging 
the tool, resulting in higher roundness error values.

3.3 � G ratio

G ratio, also known as “grinding ratio,” is important 
parameter for strengthening both the economic analysis 
and the quality of the workpiece surface finish. Its value 
represents the relationship between the volume of material 
removed and the volume of material used in the grinding 
wheel. Thus, the higher the value of this ratio, the better 
the machining efficiency [48].

In this sense, according to Marinescu et al. [54] the 
diametrical wear of the grinding wheel depends directly 
on the stresses involved in the grinding process which, 
together with the thermal condition of the machining, pro-
mote changes in the mechanical resistance of the bonds 
and grains of the grinding wheel. Thus, more material 
from the tool can be used to carry out a cutting process, 
depending directly on how the lubricant-cooling technique 
works during grinding.

The G ratio values obtained for the different lubricant-
cooling methods studied are shown in Fig. 5. It is observed 
that the best result was obtained with the flooded process, 
in the amount of 256.03, showing consistency with the 
superficial quality parameters. The high refrigerant capac-
ity of the fluid did not suffer significant changes, main-
taining low temperatures and avoiding the increase in the 
ductility of the tool’s grains and bonds.

In this same context, the MQL + CWCJ method also 
showed an excellent result, 194.96. The high lubricating 
efficiency of the MQL directly reaches the workpiece-tool 
contact region, reducing friction and stresses during cut-
ting [55]. Allied to this, the good cooling capacity of the 
CWCJ system approximates the value of G ratio with that 
obtained with flooded process. The refrigerated cleaning 
applied at 0 °C directly to the cutting surface of the grind-
ing wheel prevents the heat generated in the grinding pro-
cess from promoting a significant increase in temperature 
on the tool surface. In this way, the mechanical properties 
of the grinding wheel remain almost unchanged. Thus, 
the occurrence of macro-fractures is avoided, avoiding 
premature wear of the grains and bond, and providing the 
majority occurrence only of micro fractures, which make 

Fig. 5   G ratio values for differ-
ent lubri-refrigeration condi-
tions
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the grinding wheel always sharp and remove material from 
the workpiece efficiently, increasing the G ratio.

It is also observed that the MQL and MQL + CA meth-
ods presented the two worst values, being about 42% and 
32% lower than the MQL + CWCJ, respectively. The differ-
ence presented is due precisely to the fact that they do not 
have a system that exclusively promotes direct cooling on 
the cutting surface of the grinding wheel, making the cool-
ing on that surface less efficient, with greater variation in 
the temperature of the tool, altering mechanical properties 
mainly glazed bond, making it more prone to macro-frac-
tures, increasing the grinding wheel expense per removed 
workpiece material. The refrigerated air system, although 
it is applied together with MQL in the workpiece-tool con-
tact region, also has a capacity to promote the reduction of 
temperatures on site, being responsible for the improvement 
of MQL + CA in relation to MQL, as also studied by Lopes 
et al. [25].

Furthermore, as presented in the work of Agarwal [56], 
the phenomenon of clogging also generates a significant 
increase in premature wear of the grinding wheel. A mass 
formed by chip and fluid ends up covering the active cutting 
edges in the cut, reducing the cutting capacity of the tool, 
increasing the cutting forces, causing the grinding wheel 
to be quickly worn and the removal of material from the 
workpiece is minimized, resulting in low G ratio. In addi-
tion, chips housed in the pores of the grinding wheel can 
prevent the lubricating fluid from reaching the cutting edges 
directly, providing increased heat generation. Thus, the tech-
niques with auxiliary cleaning systems (MQL + WCJ and 
MQL + CWCJ) showed the best results among the sustain-
able alternative methods.

Thus, it can be inferred that an ideal lubri-refrigerant 
technique to have high G ratio values would be the one 
that contains the use of an environmentally friendly fluid 
combined with systems that reduce the cutting surface tem-
peratures of the grinding wheel and workpiece. Therefore, 
the MQL + CWCJ combined with the high cutting capac-
ity of the CBN grinding wheel presented itself as a highly 
efficient method for obtaining excellent G ratio results in 

the grinding of AISI 4340 steel, being very promising for 
presenting values close to the flooded process which is still 
widely used today, but avoiding damage to the health of the 
grinder operator and contributing to the preservation of the 
ecosystem, with clean industrial production.

3.4 � Grinding power

The grinding power evaluation of each tested lubricant 
method is also essential in this work. Through it, it is pos-
sible to verify more precisely the feasibility of the method, 
estimating the energy required to carry out the cutting pro-
cess and with these values to verify the total cost of machin-
ing, in addition to assisting in the analysis of the surface 
quality of the workpiece. This parameter depends directly 
on the lubri-refrigerant technique applied to the grinding. 
Previous studies by [25] and Bianchi et al. [37], showed a 
downward trend in grinding power when using the auxiliary 
cleaning system with MQL, compared to pure MQL. Thus, 
it is important to verify the influence of the replacement of 
the MQL + WCJ system by MQL + CA and by the innovative 
MQL + CWCJ.

The grinding power data obtained for each lubri-refriger-
ant method are shown in Fig. 6. It is possible to observe that, 
following the trends of the articles already mentioned, the 
MQL + WCJ presented an excellent result (289.86 W), being 
the best among the methods ecological alternatives tested, 
with a value only 2.44% higher than that obtained by the 
flooded process. This is mainly due to the action of remov-
ing the chip-oil layer from the surface of the grinding wheel, 
reducing the phenomenon of clogging and maintaining a 
good number of active grains during cutting, which reduces 
the grinding power. Figure 7 presents the SEM images per-
formed on the cutting surface of the grinding wheel after 
each lubri-refrigeration technique adopted, so that a more 
accurate analysis of the influence of clogging on the grind-
ing power of each applied method can be performed. It is 
clearly apparent that clogging was higher in methods that 
did not use the auxiliary cleaning system.

Fig. 6   Grinding power values 
por different lubri-refrigeration 
conditions
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As for the use of the cooled air jet (MQL + CA), 
362.00 W was obtained. Although this value represents an 
improvement of 13.22% in relation to the MQL, it is still 
24.89% higher than that found in the MQL + WCJ. Thus, it 
is observed that both the increase in cooling and the reduc-
tion in clogging had a positive impact in reducing grinding 
power. Cooling makes the chips more brittle, facilitating 
their removal from the pores of the grinding wheel. How-
ever, the reduction of clogging by cleaning was more influ-
ential in relation to this objective, because although the jet of 
cooled air was applied, it also increased the stiffness of the 
grains. Thus, the values of grinding power are higher with 
the use of CA than with WCJ.

Like the MQL + WCJ, the innovative MQL + CWCJ 
method also presented values awfully close to the flooded 
process, in the amount of 287.42 W, being only 5.11% 
higher than the non-ecological technique. Because it has 
an auxiliary cleaning system, this method can also reduce 
the clogging of the cutting surface of the grinding wheel, 
thus minimizing the grinding power. However, because 
it also performs this cleaning with compressed air at low 
temperatures, a high efficiency in the cooling of the tool 
surface occurs. This excellent cooling ends up reducing the 
temperature of the grinding wheel and the cutting region, 
increasing the rigidity of the tool, which is directly related 
to the increase in the power required to perform the cutting, 
as reported by da Silva et al. [53], this being the cause of 

the small increase of 2.61% of this technique in relation to 
the MQL + WCJ.

Thus, this small difference between the methods that 
used auxiliary cleaning shows that the change from WCJ to 
CWCJ does not significantly affect the grinding power value 
of the method. Thus, this new sustainable technique that uses 
MQL combined with refrigerated cleaning has a value very 
close to the flooded process, which is still commonly used 
in industry and harmful to the environment and the health 
of operators.

3.5 � Specific grinding energy

The specific cutting energy is a particularly important 
parameter in grinding, especially when machining materials 
with high hardness. They require high energy consumption 
during the process, which makes monitoring and control-
ling this parameter essential. This energy acts essentially on 
three strands, being the energy generated in the formation 
of chips, energy caused by the plowing phenomenon and 
energy from rubbing [57].

In this sense, it is possible to notice in Fig. 8 that the 
MQL techniques with the use of the cleaning system pre-
sent excellent results when compared to the flooded pro-
cess, with emphasis on the MQL + WCJ method, which 
presented an increase in energy of only 2.4% in relative 
to the abundant fluid. For MQL + CWCJ, this increase 

Fig. 7   SEM images for each 
lubri-refrigeration condition, 
being (a) prior to grinding; 
(b) Flooded; (c) MQL; (d) 
MQL + CA; (e) MQL + CWCJ 
and (f) MQL + WCJ
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was 5.1%, which is very satisfactory when compared 
to the other methods, which reached an energy 27.9% 
(MQL + CA) and 47.4% (MQL) higher than flooded 
process.

Results show that the efficiency of the cleaning system 
in reducing the clogging of the grinding wheel, ensured 
that less energy was consumed by the friction of the mate-
rial trapped in the pores of the grinding wheel and above 
the edges of its grains. Thus, most of the energy consump-
tion was concentrated in the formation of the chip, in view 
of the greater number of active cutting edges. However, as 
previously mentioned, the hardness of the ground mate-
rial influences the energy consumption, which explains 
the worse result obtained with the MQL + CWCJ which, 
with the incidence of cooled air on the grinding wheel, 
ended up avoiding the softening of the workpiece and the 
grinding wheel under high temperatures during the pro-
cess, increasing energy consumption relatively. On the 
other hand, although the MQL + CA technique has the 
same tendency for the material to harden, it also makes 
the chips much more brittle than pure MQL, which facili-
tates the expulsion of chips from the cutting zone only by 
MQL compressed air, without the need for an auxiliary 
cleaning system. Thus, the energy consumed by clogging 
was reduced when compared to pure MQL, which, in turn, 
did not show results as distant from the others due to its 
excellent lubrication, which has much more influence on 
energy consumption than refrigeration.

The flooded process has the lowest specific cutting energy 
value, it only achieves this through the large amount of fluid 
that is injected during the grinding, since it is not performed 
under high pressure, which generates a lot of fluid waste 
not reaching the cutting region. Because of this, there is a 
generation of fluid mist during the process that brings risks 
not only for the grinder operator, but for the entire environ-
ment around it [14]. Therefore, with the sustainability of the 
MQL and the cleaning system, consuming only 0.85 J/mm3 
more of specific energy, which also eliminates the risks of 
improperly disposing of fluid, making them promising in 
this output variable.

3.6 � Microhardness

During grinding, it is possible that burns and residual 
stresses occur due to the effort used in the workpiece by the 
grinding wheel to obtain the necessary quality [58]. These 
problems are more likely to occur when machining materi-
als with high mechanical strength such as AISI 4340 steel, 
which are normally manufactured to offer high performance 
and need to maintain their structural integrity. Therefore, the 
measurement of microhardness in the ground workpieces is 
important to check if there were any unexpected phenomena 
that varied the hardness during the process. It can be modi-
fied through high thermal variations that tend to perform 
an unwanted quench due to the use of an inefficient cutting 
fluid. In addition, the lack of refrigeration or lubrication can 
increase both the cutting temperature above normal values 
and the stresses exerted, which also changes the hardness of 
the material [59].

Another highlight is the high cost associated with the 
grinding process, since it is usually the last process in which 
the workpieces are submitted and, therefore, any failure or 
damage not projected would bring cost loss due to the pro-
duction time. Thus, there would be damage from the other 
machining processes that the workpiece was submitted to, 
until possible thermochemical treatments that the workpiece 
has already undergone [18].

In Fig. 9 that the methods that reached microhardness 
values furthest from the reference value (628 HV) were pure 
MQL and MQL + CWCJ presenting 645 HV. However, this 
small difference in hardness is not enough to demonstrate 
a significant structural change that would affect the perfor-
mance of the workpiece. Therefore, all methods complied 
with the premise of not changing this mechanical property, 
which is a reference for the others. This indicates that, even 
with the little cooling that MQL present, the high lubricating 
power combined with compressed air or auxiliary systems, 
were sufficient to ensure that there was no significant vari-
ation in microhardness. No major thermal variations dur-
ing the tests, in addition to not generating excess residual 
stresses after the grinding of the workpieces.

Fig. 8   Specific energy grinding 
values for different lubri-refrig-
eration conditions
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Figure 10 shows the micrographs images performed on 
the surface of the machined workpiece. It is possible to 
observe that there was no presence of thermally affected 
layers and no burning occurred, in any of the applied lubri-
refrigerant techniques. Thus, together with the micro-
hardness data in Fig. 9, it can be concluded that all these 
lubri-refrigeration techniques tested, under the imposed con-
ditions, can be applied in the industry, because there were no 
changes in the mechanical properties of the material.

3.7 � Method cost

Figure 11 shows the cost resulting from the application of 
the lubri-refrigerant methods analyzed based on Eq. 5. The 
flooded process caused the highest cost in this research, 
being on average 12 times higher than the MQL and its 
variations. Thus, the application of MQL reduced the cost 
by 91% in relation to the flooded process. In addition, 
MQL variations further reduced the cost, reaching a 92.5% 

Fig. 9   Microhardness values 
for different lubri-refrigeration 
conditions
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Fig. 11   Method cost values 
for different lubri-refrigeration 
conditions
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reduction with MQL + CWCJ. However, alternative MQL 
methods have reduced the cost by an average of 12% com-
pared to traditional MQL.

Figure 11 also reveals that a large part of the cost of 
applying flooded process is related to the large volume of 
cutting fluid. In this sense, the cost of buying and dispos-
ing of the fluid used is significant for operations using the 
flooded process. Thus, the high impact on health and the 
environment that flooded process causes is added to its high 
cost, reducing its sustainability in the face of modern alter-
native methods.

Figure 11 reveals that the cost of energy varies little 
between the MQL methods analyzed. In addition, the cost of 
cutting fluid remained constant, as the flow rate used did not 
change. Thus, the very low use of cutting fluid has caused 
a drastic reduction in costs compared to flooded process. In 
addition, the MQL + CA, MQL + WCJ, and MQL + CWCJ 
methods caused less tool wear during cutting, which posi-
tively impacted the cost, given that the wheel is expensive. 
Therefore, MQL and its variations substantially minimize 
the socioenvironmental impact and, also, the cost of its 
application when compared to flooded process, being ben-
eficial for the industry in all areas of sustainability (preserv-
ing health and the environment and minimizing the cost).

3.8 � Carbon emission

Figure 12 shows the carbon emission resulting from the 
application of the lubri-refrigerant methods analyzed based 
on Eq. 8. In this sense, flooded process produced largest 
emission in the grinding. MQL methods caused an average 
67% less carbon emission than flooded process. In addition, 
MQL, MQL + CA, MQL + WCJ, and MQL + CWCJ showed 
a variation of up to 2% comparing their emission values, 
with their results in this analysis being close.

The flooded process uses a high amount of cutting fluid, 
which was the most significant factor for the high emission 
value that this method produced. Thus, this high carbon 
emission value compared to MQL methods reinforces the 

claim that flooded process pollutes the environment more 
than MQL, even with correct disposal after its use.

As for the methods with MQL, energy was the most 
impacting factor in the carbon emission of these methods. 
This greater impact of energy use is due to the use of com-
pressed air for applying MQL and cleaning variations, which 
do not change between these methods. In addition, the cut-
ting energy is much less than the electrical energy of the 
compressed air and, therefore, the variation of the cutting 
power between these methods did not significantly impact 
the carbon emission coming from the energy.

4 � Conclusion

When evaluating and comparing the performance of the 
three most promising lubri-refrigerants systems in the grind-
ing process, MQL + CA, MQL + WCJ, and MQL + CWCJ, 
with the two consolidated systems, flooded process, and 
MQL, in the grinding of a material widely used in indus-
try, AISI 4340 steel, with the CBN superabrasive grinding 
wheel, it was possible to conclude that:

The systems with MQL using auxiliary cleaning obtained 
the results closest to the flooded process in all the evalu-
ated parameters of quality of the workpiece and the grinding 
wheel, in addition, in the economy of production and in sus-
tainability they achieved extremely better results. Highlight-
ing the most innovative MQL + CWCJ method that achieved 
the closest proximity to the flooded process in three of these 
five quality variables, namely surface roughness, roundness 
error, and G ratio, further, in addition to achieving the lowest 
cost per workpiece among all the tested methods. This was 
possible due to the excellent combination of four aspects: 
high lubricating power of the MQL, high chip removal 
capacity of the cleaning system, an increase in the cooling 
capacity when using cold air for cleaning and low fluid con-
sumption of the MQL technique.

In the case of MQL + WCJ, despite not having much 
refrigerant capacity for using air at room temperature, this 

Fig. 12   Carbon emission values 
for different lubri-refrigeration 
conditions

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

MWF MQL MQL+CA MQL+WCJ MQL+CWCJ

Ca
rb

on
 em

iss
io

n 
[k

gC
O

2/
pi

ec
e]

 

Lubri-refrigerant condition

449The International Journal of Advanced Manufacturing Technology (2023) 125:435–452



1 3

technique still managed to overcome MQL + CWCJ in three 
variables, the specific cutting energy, the cutting power, and 
the carbon emission. For this to occur, precisely, the low 
refrigerant capacity was fundamental, considering that by 
maintaining a more ductile aspect in the material while it 
was being ground due to the higher temperature, the cut-
ting forces and tensions were smoothed. In addition, the 
lower consumption of electricity when compared to the 
MQL + CWCJ made this method present the lowest carbon 
emission among all the tested methods.

With intermediate results, the MQL + CA technique also 
showed its advantages in achieving a better performance 
in all evaluated parameters when compared to pure MQL. 
Given the simplicity of this system in using only an applica-
tion nozzle equal to pure MQL, the results presented were 
satisfactory considering the proximity of the values with 
the other methods and the ease of implementation of this 
technique in a grinding machine.

On the other hand, although the flooded process technique 
presents the best results in the quality and final integrity of 
the workpiece and the grinding wheel when compared to the 
other methods, it still presents several disadvantages. The 
first is the high cost generated when using this technique, 
motivated by high consumption, storage, and disposal, which 
was possible to verify in the cost analysis when compared to 
the other methods. Allied to this is the high pollution gener-
ated by this method, which causes irreparable damage to 
the environment and the health of the machine operator and 
others around him. Therefore, these risks are increasingly 
being avoided in current machining processes, so an alterna-
tive as promising as MQL + CWCJ will be fundamental in 
a cleaner production.

Finally, future research applying MQL + CWCJ can be 
applied in different grinding scenarios, for which variations 
in grinding wheel and workpiece are mentioned, as well as 
in the application of MQL with vegetable-based fluids and 
with different cleaning conditions.
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