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Abstract

Abrasion machining has stood out in the current industry due to constant improvements in the dimensional accuracy of a
workpiece in its finishing process. Thus, it is necessary to use cutting fluid to cool and lubricate the workpiece-wheel contact,
to reduce both the high temperatures reached and the friction. However, conventional cutting fluid is harmful to the environment
and poses a risk to the operator’s health. As a result, the minimum lubricant quantity (MQL) technique emerged, using extremely
smaller amounts of fluid and, however, showing excellent results in its applications. In this way, it could further optimize this
method through studies on oil dilution, combating low cooling capacity. A fundamental concept for selecting the grinding wheel
type to be used in grinding is friability, but there are few studies on its influence on the process. For these reasons, this research
analyzed the impact of friability and the effects of MQL dilution on the grinding of austempered ductile iron, the use of two CBN
wheels with high and low friability, and four types of lubri-refrigerant methods: flood, pure MQL, and diluted MQL in the oil-
water ratio 1:5 and 1:10. Output parameters were analyzed: surface roughness (Ra), roundness error, diametrical wheel wear,
cutting power, acoustic emission, viscosity, 3D confocal, and microhardness. The results show an improvement of the diluted
MQL over the pure, coming close to the conventional method. Besides, the low friability wheel was more efficient in the analysis
of surface roughness, roundness error, and diametrical wheel wear. However, most friable stood out in the results of acoustic
emission and grinding power.
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1 Introduction

Abrasion machining plays a fundamental role in today’s in-
dustry, due to the growing demand for increasingly accurate
workpieces, coupled with a low production cost. Thus, grind-
ing is the machining process whose objective is to finish
workpieces with small tolerances and high dimensional preci-
sion [1, 2]. This process removes material through the simul-
taneous contact of the multiple abrasive grains cutting edges
with the workpiece, the material being removed called the
chip [3, 4]. Each abrasive grain has a different number of
cutting edges, and therefore, there is no defined geometric
pattern for the abrasive grain [5, 6]. Grinding wheels, a grind-
ing cutting tool, are composed of 3 components: the abrasive
grains (mentioned above); the pores, which allow the passage
of cutting fluid and store the removed material; and a bond,
which has the function of joining the abrasive grains [7, 8].
Also, there are two main grades of wheels: conventional ones,
such as those with aluminum oxide and silicon carbide grains,
and super abrasives, such as cubic boron nitride (CBN). The
super abrasives have a higher yield than the conventional
ones, because they have greater durability, have greater ther-
mal resistance, and resist much more wear than conventional
wheels [9, 10]. However, super abrasive wheels are more ex-
pensive than conventional ones, and this cost is justified be-
cause of their benefits of greater accuracy and greater efficien-
cy during operation [11, 12].

In addition, grinding requires a lot of energy to remove
material because of its cutting dynamics, with many cutting
edges acting simultaneously [3, 13]. Therefore, a large part of
this energy is dissipated in the form of heat, making the tem-
perature reached during the process very high. Thus, there is a
possibility of compromising the mechanical integrity of
ground workpieces [14, 15]. Therefore, this heat is treated as
harmful to the process, since it brings several problems, such
as alteration of the mechanical properties of the grinding
wheel and workpiece and thermal damage to the workpiece,
such as burns and residual tensile stress [1, 16, 17]. Also, there
is the challenge of cooling the workpiece during grinding,
which is performed today with cutting fluids.

In this sense, cutting fluids gain space as a great alternative
to promote cooling and lubrication of the cutting zone, thus
reducing the problems brought by high temperature [16,
18-20]. The cutting fluid chosen in most cases is the conven-
tional one, which is a mixture of oil (mineral, semisynthetic, or
synthetic), water, and substances to improve its efficiency,
such as bactericides and additives [2, 17].

In the conventional method, a constant flow of cutting fluid
is applied at low pressure through a nozzle on the surface
during machining. The fluid acts as a lubricant and a coolant,
reducing the friction between the workpiece and tool and re-
moving heat from the cutting zone [21-23]. However, the
cutting fluid presents some problems. Oil in contact with the
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operator’s skin can cause health problems, such as allergic
dermatitis, acne, irritations, and skin cancer. Inhalation of the
mist formed during machining can lead to respiratory issues,
such as pneumonia and pulmonary fibrosis [24, 25].
Therefore, alternative techniques are currently being studied
in order to reduce or replace the conventional method, such as
nanofluids, cryogenic, modeling, and simulation of the
manufacturing [26-34].

Also, from an ecological point of view, the conventional
method is very harmful, since some of its components are
toxic to fauna and flora [35, 36]. Thus, companies pay for
the correct disposal of these fluids, due to stricter international
regulations on the social and environmental impacts brought
by cutting fluids [35, 37].

In this scenario, alternatives to the conventional method
emerged, such as the minimum quantity lubricant (MQL)
method, which gained recognition for using an extremely
smaller amount of oil. While in the conventional method, an
average of 60 I/h of fluid is used, in MQL, 10 to 150 ml/h of
oil are used during machining [38, 39]. In this method, the
atomized oil is mixed with air and thrown against the cutting
zone at high speed. In this sense, the airflow removes and
dissipates heat, while the oil droplets promote lubrication [2,
39-41].

However, pure MQL has a disadvantage in terms of its
cooling capacity: the oil used has low heat dissipating power.
Therefore, compressed air is the main refrigerant in the use of
MQL. However, its dissipation capacity is still lower than that
of water used in abundance in the conventional method [42].
Thus, to improve the cooling capacity, a percentage of water
can be added to the oil, forming an oil-water mixture and
added to the MQL. Because it has a specific heat twice that
of oil, water evaporates during the process, eliminating excess
heat [41, 42].

Bianchi et al. [41] sought to evaluate the effects caused on
the grinding of AISI 4340 steel when using MQL with water.
His research has shown that adding water to the mixture in-
creases grinding power because of the lower lubrication ca-
pacity. However, when compared to the pure MQL method,
the dilution showed less surface roughness and roundness
errors, as well as less wheel wear. Thus, the diluted MQL
proved to be more efficient than the pure oil technique in
many aspects [41, 42]. Belentani et al. [42] conclude that the
use of MQL diluted with a ratio of 1:5 (oil-water) results in a
superficial quality of the workpiece close to that obtained by
the conventional method (flood).

Another aspect of grinding is a concept called friability,
which is the ability of the abrasive grain to generate new
cutting edges after fractures due to stresses or impacts used
in the process [43]. Its dynamics work based on the breaking
of the abrasive grains when they are already losing their cut-
ting capacity, generating new sharp edges. Thus, it is possible
for the wheel to self-sharpen with wear [44]. Wheels with low
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friability tend to increase the friction between workpiece and
wheel, as they take longer to generate new cutting edges,
resulting in more significant heating and higher vibrations
[45]. However, wheels with high friability wear out faster,
and thus, the surface of the wheel becomes uneven, resulting
in a surface with worse roughness and geometric errors in the
final workpiece concerning the less friable grain [46]. Thus,
the ideal is for the grinding wheels to have a cutting edge
generation frequency, according to the output parameter to
be prioritized [47]. Also, analyzing the application of the
wheel in the grinding process is extremely important, since
the way the wheel is manufactured and its physical properties,
such as friability, determine the excellent workpiece finish and
the best performance of the wheels during the process [48].

Therefore, this work focuses on analyzing the performance
of CBN GS and CBN GL wheels, of high and low friability,
respectively, with different forms of lubri-refrigerant: conven-
tional, pure MQL, MQL oil-water ratio 1:5 and 1:10, in the
grinding of a ductile iron DIN GGG70 austempered, based on
surface roughness, roundness error, acoustic emission, dia-
metrical grinding wheel wear, microhardness, viscosity, cut-
ting power, and 3D confocal output parameters. Based on
these parameters, this work aims to study the grinding
methods that present the best efficiency in the combination
of grinding wheel and cutting fluid, for each output variable,
to increase sustainability and reduce the cost of current indus-
trial production.

2 Materials and methods

All tests were performed on an external CNC grinder
RUAPS515H, made by Sulmecanica. Also, two types of
CBN wheels were used throughout the research, the only dif-
ference being the friability of their grains. Any other aspects,
such as bond and porosity, were identical for both. The
SNB151GSQ12VR2 wheel (CBN GS) has greater friability,
while the SNB151GLQ12VR2 wheel (CBN GL) has less fri-
ability. Figure 1 shows the two setups used.

The wheels were manufactured by Nikkon Cutting Tools
Co. - Saint-Gobain Group with the following dimensions:
350 mm (external diameter) x 127 mm (internal diameter) x
19 mm (width) and 5 mm (thickness abrasive layer).

Workpieces made of ductile iron DIN GGG70 were used
for the tests. Before the experiments, an austempered heat
treatment was carried out under a salt bath in the material,
reaching a hardness of 48 + 2 HRC (485 + 40 HV).
Afterward, it was turned until it reached 77 mm (initial diam-
eter). Thus, a grinding was performed over 70 feeding cycles,
removing 0.1 mm of material per cycle, up to a total of
4040.87 mm® of material removed, reducing the workpiece
diameter to 70 mm. All measurements are shown in Fig. 2.

Different lubri-refrigerant methods were employed, all
aimed at optimizing grinding. First, the conventional method
(flood method) was used, which was applied at a pressure of
0.1 MPa and a flow rate of 17 I/min. This flow was controlled
by the Contech meter, model DMY-2030. A water-miscible
semisynthetic cutting fluid, produced by Quimatic Tapmatic
Co., model ME-1, was used, which was diluted in a 1:32 ratio,
3% oil, and 97% water.

Due to the favorable results that are shown by Bianchi et al.
[41], Lopes et al. [49], Rodriguez et al. [50], and Bianchi et al.
[51], the minimum quantity lubrication, pure and diluted, was
also tested. The cutting fluid applied in this method was pro-
duced by ITW Chemical Products, model Biocut 9000, being
used pure and in two dilutions, in a ratio of 1:5, i.e., a part of
oil to five of water (83.33% water), and in a 1:10 ratio, i.e., one
part of oil to ten of water (91% water). Regardless of the fluid
used (pure or diluted), the application parameters, flow and
pressure, were the same, 150 ml/h and 0.7 MPa, respectively.
For this, an MQL applicator from ITW Chemical Products,
model Accu-Lube, was used.

The relationship between wheel rotation and workpiece
rotation was chosen to minimize roundness error. According
to King et al. [52], for this to happen, the beta ratio must be an
odd integer, because, thus, the error caused by the lobes
formed in the workpiece is minimized. A rotation of
1793 rpm was then chosen for the wheel and 163 rpm for
the workpiece, thus achieving a betaratio of 11:1, i.e., 11 turns

Fig. 1 Experimental setup for (a)
different lubri-refrigeration
conditions being a MQL
technique and b flood technique

MQL
diluition: Flood

diluition:

Grinding wheel
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Fig. 2 Initial workpiece dimensions

of the wheel to 1 of the workpieces. As a result, the cutting
speed was 32.85 m/s, while the workpiece was 0.65 m/s.

Eight different grinding conditions were tested, for each
five workpieces were used, adding up to 40 in all. The various
conditions were obtained from the combination of the 4 dif-
ferent lubri-refrigerant methods (conventional, pure MQL,
and MQL diluted in proportions of 1:5 and 1:10) with the
different wheels (CBN GS and CBN GL). The work of
Fernandes et al. [53], Javaroni et al. [54], and Talon et al.
[55] served as a basis to define the spark-out time used during
the tests. Finally, a time of 6 s was adopted, because, in this
way, the geometric error of the workpiece is less. In this con-
figuration, for every 0.1 mm that would be removed from the
workpiece, the wheel does not penetrate the workpiece until it
completes 10 turns. Thus, the elastic deformations caused by
tool-workpiece contact are eliminated.

With the finalized tests, the wheel was dressed with a multi-
granular diamond cluster produced by Master Diamond, with
avolume of 15 mm x 8 mm % 10 mm. In total, an 80-pum layer
was removed from the wheel; this material was removed in 40
passes of 2 um each, at a speed of 500 mm/min under abun-
dant refrigeration.

2.1 Parameter measurements

The surface roughness (Ra) data were obtained from a Taylor
Hobson profilometer, Form Talysurf Intra 160 model, with a
2-um diamond gauge, together with the Taylor Hobson pltra
software. Measurements were performed with a cutoff of
0.25 mm and an evaluating length (In) of 1.25 mm. For both
parameters, 10 points equidistant 36° from the workpiece sur-
face concerning its center were analyzed. Each point was mea-
sured 10 times to increase the reliability of the process.
Roundness error was another property of the measured
workpiece, for which a Taylor Hobson instrument, model
Talyround 31C, was used, along with statistical analysis per-
formed through the Gaussian filter and least square circle
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(LSCI). In this technique, the quadratic sum of the radial dis-
tances to the reference circle is calculated, thus the closer the
workpiece to the central circle, the lower the roundness error.
Five measurements were made at each of the 3 points distrib-
uted throughout the workpiece, for all workpieces, for more
excellent reliability of the results.

Before dressing the wheel, it was also possible to measure
the wear of the wheel, as proposed by Malkin et al. [1]. They
are possible because the thickness of the workpiece (5 mm) is
less than that of the wheel (19 mm). With the two tests com-
pleted, a cylinder of 30 mm (external diameter) x 100 mm
(length), made of AISI 1020 steel (90 + 2 HRB - 192 + 40
HV), was ground to a depth of 1 mm from a feed rate of 0.25
mm/min, which can be seen in Fig. 3. In total, 880.43 mm® of
the material was removed over 10 passes of 0.1 mm per pass.
This process produced an impression of the wheel surface on
the AISI 1020 workpiece, which made it possible to measure
the worn and non-worn depth, which made it possible to de-
termine how much of the wheel was spent during the tests.

The microhardness of the workpiece was also measured,
for this, a Mitutoyo equipment, model HM-200, was used.
The ASMT E140 regulation was used to define the 300 g load
that was used. This load was necessary to produce the correct
mark to make the diagonal measurement. Following the
ASTM E384 regulation, measurements were made at 5 differ-
ent depths of the workpiece every 60 um. Therefore, analyzes
were performed at 60, 120, 180, 240, and 300 um from the
ground surface.

The viscosity of the cutting fluid of the conventional meth-
od and the different dilutions of the MQL were measured
using a Viscosimeter DV2T, manufactured by
BROOKFIELD - AMETEK together with a temperature con-
troller TC-550, also made by BROOKFIELD. For this test,
workpieces of fluids from BIOCUT900 were collected in dif-
ferent dilutions with water, which was 1:0, 1:5, 1:10, and ME-
1 3%. Each of the workpieces was subjected to five different
temperatures, and their viscosities were recorded by the com-
puter using the viscometer.

Grinding wheel

Workpiece
wear mark

I
|
I
Preserved surface |
i o -1

of grinding wheel I
I

|

I

.

Printing
wheel wear

08 L R I O
AISI 1020 dith bk
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Fig. 3 Indirect wheel wear measurement method
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Since the grinding can cause some microstructural
changes in the workpiece, an Olympus optical micro-
scope, Model BX51, was used, with a x 500 magnifica-
tion to check if there was any change in the microstruc-
ture. Before the analysis, the surface was cut, embedded,
polished, and chemically attacked with 2% Nital. Also,
three-dimensional images of the machined surface were
captured with a laser scan at x 1000 magnification, using
an Olympus confocal microscope, model LRXT
OLS4100.

Electric tension (V) and current (A) measurements were
made of the electric motor that rotates the wheel. A system
formed by the Curvopower module, aided by Hall effect
sensors (conversion of values), collected and processed
the engine data. This set was connected to a PCI-
6035EDAQ card with a 16-bit resolution and with an ac-
quisition rate of 200 KS/s. The plates were produced by
National Instruments. The data obtained during the tests
were processed by the LabVIEW and MATLAB software;
the wheel rotation can also be measured with the help of an
encoder, thus making it possible to calculate the grinding
power. The Sensis DM42 module was also connected to a
BNC2110 acquisition board, allowing the acquisition of
acoustic emission signals. These data were processed using
the RMS (root mean square) technique.

3 Results and discussion

In this step, the output parameters mentioned above will be
analyzed in each test performed, with variations in the types of
CBN grinding wheel, associated with differences in the lubri-
cation and cooling methods used.

B CBNGL O CBNGS
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[}
S

0.80
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~
S

Surface roughness (Ra) [pm

<
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Flood

o
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Lubri-refrigeration condition

Fig. 4 Average surface roughness (Ra) for different lubri-refrigeration
condition

3.1 Surface roughness

According to Fig. 4, it is noted that the conventional cutting
fluid had the lowest surface roughness (Ra), being 0.17 um
when using CBN GL and 0.19 um when using CBN GS.
Another highlight is pure MQL, which obtained the highest
values of surface roughness: 0.87 pm and 0.91 pum for CBN
GL and GS, respectively. Regarding the diluted MQL tech-
niques, there was a drop in the surface roughness of the work-
piece for both dilutions compared to the pure method, with
emphasis on the 1:5 oil-water ratio, which obtained the best
results, showing a reduction concerning the MQL 1:0 of
56.3% for CBN GL and 53.8% for CBN GS. Regarding fria-
bility, the less friable CBN GL wheel obtained lower surface
roughness values in all lubri-refrigerant methods than CBN
GS. Even so, the biggest percentage difference in surface
roughness due to friability was an increase of 13% in the
MQL 1:5 technique.

Thus, on the CBN GL grinding wheel, it is worth mention-
ing its high capacity to resist great cutting forces from the
grinding process, without showing significant wear on its
abrasive grains, thus allowing to produce more regular sur-
faces with good surface roughness [53]. On the other hand,
the GS grinding wheel, due to the increased wear of its abra-
sive grains due to the high stresses acting in the process, gen-
erated new cutting edges in its structure more frequently,
which caused an irregular disposition on the grinding surface.
Thus, the grinding wheel transferred this irregularity from its
surface to the workpiece, producing a higher surface rough-
ness [46].

The conventional method was more prominent in the sur-
face roughness value, comparing the cutting fluids. As its
performance is based on applying abundant amounts of water
and oil, the formation of the clogging phenomenon in the
grinding pores and on its cutting edges was avoided, facilitat-
ing the uniform cutting of the workpiece [42]. However, al-
though the abundant method has the lowest surface roughness
value, the MQL techniques achieved advantages in other as-
pects and did not differ from the smallest (conventional) sur-
face roughness value. These advantages are derived from the
drastic reduction in the amount of fluid used, with the conse-
quence of reducing risks to the operator’s health, minimizing
environmental and atmospheric pollution, in addition to re-
ducing expenses with the process [56]. Besides, the MQL
achieved satisfactory results because it can lubricate the
wheel-workpiece contact with extreme efficiency in the cut-
ting region, since it is injected in the process with high pres-
sure to reach the peripheral speed of the wheel, and thus over-
come the barriers of formed in the rotation of the wheel.

In this context, a reasonable minimization of the surface
roughness values with the addition of water can be seen in
Fig. 4. This minimization is because, as the oil is more viscous
than water, the dilution of MQL penetrates more easily into
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the pores of the wheel, which helps in removing the chips that
cause clogging [49]. Besides, as water has higher thermal
conductivity than oil, the dilution’s cooling capacity is higher
than pure, resulting in a reduction of plastic and elastic defor-
mations resulting from the greater ductility achieved at high
temperatures. However, when the lubricating capacity starts to
be significantly reduced with the largest amount of water, the
MQL loses its main function and worsens the roughness, as
seen when comparing the ratio 1:5 and 1:10.

Therefore, it is inferred that the method highlighted in this
parameter was the combination of MQL 1:5 with CBN GL,
which reached an efficiency close to the conventional in both
wheels, combining all the previously mentioned advantages of
using the technique of minimum amount of lubricant.

3.2 Roundness error

Roundness error is a parameter that measures the volumetric
expansion of the workpiece caused by both thermal expansion
and compression stresses active in the process. This variable is
directly linked to the surface roughness, since if there is a
higher occurrence of roundness error in the workpiece, a more
irregular surface is generated, also increasing its surface
roughness [46]. The conventional method achieved the lowest
roundness error of all lubri-refrigeration techniques, analyzed
in Fig. 5, with values 1.57 pm and 2.13 pm for CBN GL and
CBN GS wheels, respectively. Then MQL 1:5 comes, which
showed a difference with the CBN GS of only 0.64 wm com-
pared to the abundant method. Pure MQL, on the other hand,
obtained the highest roundness error of this test: 4.58 um and
4.72 um for GL and GS, respectively.

According to Haddad et al. [57], several factors influence
the roundness error of the workpiece when subjected to a
machining process, which can be the type of grinding wheel
used, the cooling method applied, and even the parameters
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Fig. 5 Roundness error for different lubri-refrigeration conditions
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used for the production of the workpiece. Thus, the less friable
wheel (CBN GL) showed better results in all lubrication and
cooling methods, given that it has less frequency of wear of its
grains, resulting in a tool with a more homogeneous cut.

On the other hand, when comparing lubrication and
cooling techniques, it is noted that even the conventional
method with the lowest roundness error, it is the most signif-
icant cause of pollution during the machining process and
presents many risks to the operator’s health [58]. Thus, the
pure MQL that appeared in a context of substitution of the
conventional method showed a great roundness error, howev-
er still useful. In this sense, the diluted MQL that has a higher
cooling capacity than the pure reduced the thermal expansion
of the workpiece during cutting, showing improvements in
this parameter. However, it is noticeable in the two dilutions
of MQL employed that, as the oil is greatly reduced by adding
water to the emulsion, the roundness error values begin to
increase. The explanation lies in the lack of lubrication in
the cutting zone, which increases the friction between the
workpiece and the grinding wheel, causing surface scratching
and making cutting difficult.

Therefore, the alternative method with better roundness
error results is MQL 1:5 with CBN GL grinding wheel, as this
combination came closer to the result of the conventional pro-
cess, reducing the impact both on the environment and on the
operator’s health through the lowest oil consumption.

3.3 Diametrical wheel wear

Figure 6 shows the different wears suffered by the two types
of wheels for each lubrication and cooling method. For all
cutting fluids, the CBN GL wheel had lower diametrical
wheel wear compared to the CBN GS wheel, because the
capacity of the less friable wheel (CBN GL) to keep the grains
connected over time is greater if compared to CBN GS.
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Fig. 6 Diametrical wheel wear for different lubri-refrigeration conditions



Int J Adv Manuf Technol (2020) 108:3661-3673

3667

Therefore, less decoupling of grains is expected along the
entire length of the wheel during machining, thus leading to
less diametrical wheel wear.

Among the different methods tested, the conventional
(flood) was the one that presented the least wear for both
wheels (6.62 um for GL and 7.79 um for GS). This result
was due to the greater chip removal capacity of the cutting
zone that this method has when compared to the others. This
greater cleaning reduces the clogging effect of the wheel,
which, consequently, reduces the mechanical and thermal
loads suffered by the bond, resulting from the friction gener-
ated by the material impregnated in the wheel pores [59].

In contrast, the pure MQL method showed the highest wear
on the wheel, 19.69 um for CBN GL and 23.15 um for CBN
GS. This high consumption is due to the low cooling capacity
of this fluid, which leads to a change in the mechanical prop-
erties of the wheel. This higher temperature facilitates the
flash-butt-welding of the chips, further facilitating the adhe-
sion of chips to the wheel, that is, increasing the clogging.
Also, the low cleaning capacity of the MQL cutting zone
further intensifies clogging. The properties of the grain also
change with the heating of the cutting zone, making them
break more easily and increase the wear of the wheel [60, 61].

Among the three different MQL methods tested, the one
that comes closest to the conventional method is the MQL
diluted 1:5, showing the wear of 10.49 um for the CBN GL
wheel and 11.84 um for the CBN GS wheel. This behavior is
because dilution with water provides a higher cooling capac-
ity, reducing the negative effects brought about by high
temperatures.

3.4 Grinding power

Figure 7 shows the power exerted by each wheel during ma-
chining for each different fluid tested. Bianchi et al. [41] and
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Fig. 7 Grinding power consumption for different lubri-refrigeration
condition

Rodriguez et al. [50] study the changes in the grinding param-
eters with the application of different types of lubricating
fluids and conclude that methods that have less cooling capac-
ity end up reducing the cutting power because, with the higher
temperature, the ductility of the material is increased, making
cutting easier.

Among all methods, the conventional one had the lowest
power values, 378.0 W for the least friable wheel, while for
the most friable, 314.0 W of power was consumed. Even hav-
ing a large cooling capacity, which negatively affects the
grinding power, the benefits brought by the cleaning capacity
of the cutting zone are more impactful. This type of action
significantly reduces wheel clogging. This phenomenon in-
creases the cutting power since it reduces the cutting ability
of the grinding wheel, and its adhesion on the workpiece sur-
face during cutting also consumes energy [20, 62].

In contradiction with the other parameters already present-
ed (surface roughness, diametrical wheel wear, and roundness
error), the values of grinding power obtained in the tests when
using pure MQL showed results closer to the other methods.
MQL facilitates the penetration of lubricant into the cutting
zone, forming a thin layer of oil, which helps to decrease the
grinding power.

Also, as pure oil was used, its cooling capacity is limited,
which leads to an increase in the temperature of the workpiece
and, consequently, makes it softer, making cutting even easier
[41]. After all, the pure MQL method still has the worst power
values. For the less friable wheel, 634.0 W was used, while for
the more friable wheel, 605.0 W was used. Compared to the
conventional method, this fluid shows a 92.7% higher power
consumption for the GS wheel.

MQL 1:10 had the second worst result, with power values
around 10% lower when compared to pure MQL (582.0 W for
GL and 529.0 W for GS). MQL 1:5, on the other hand, pre-
sented the closest results for this system. Compared to the
conventional ones, the measured power values for the diluted
MQL 1:5 are 36.2% higher for the CBN GL wheel (515.0 W)
and 48.1% higher for the CBN GS (465.0 W). The difference
between the two diluted MQL methods is due to the different
water concentrations in each. As at 1:10, the fluid released
against the cutting zone has more water; the softening effect
of the workpiece is less, which ends up increasing the cutting
power. Also, the lower amount of oil in this method increases
the effects of rubbing and plowing, consuming more energy
and, thus, increasing cutting power.

Regardless of the method tested, the disparity between the
two wheels is present. The CBN GL wheel always presents
higher power values when compared to the CBN GS wheel,
due to the difference in friability between the wheels. The
greater friability means that new edges are easily generated,
mainly by macroscopic fractures. This effect keeps the cutting
edges sharp, which facilitates the cut and, consequently, de-
creases the grinding power.
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3.5 Acoustic emission

Figure 8 shows the acoustic emission of 4 lubri-refrigeration
methods and two types of grinding wheels applied in this re-
search. On the conventional method, CBN GL and CBN GS
wheels achieved an acoustic emission of 0.97 V and 0.77 V,
respectively. MQL 1:0, on the other hand, presented the worst
performance, with 2.25 V for CBN GL and 2.11 V for CBN GS.
Also, the diluted MQL 1:5 reduced the acoustic emission by
approximately 12%, which diluted 1:10 in both wheels.

In this sense, it is noted that conventional cutting fluid
stood out for presenting less friction between the workpiece
and the tool, which implies a lower energy expenditure and
more moderate forces acting during the process. MQL 1:0, on
the other hand, presented the worst results because it has a low
cooling capacity, despite the excellent lubrication capacity,
making the material very ductile, which increases energy dis-
sipation through greater material deformation and greater
clogging and its effects. Thus, as the dissipation of energy is
directly related to the acoustic emission, the higher the energy
consumed in the process, the greater the acoustic emission.
Therefore, it is worth mentioning that MQL 1:5 presented a
good reduction in its emission concerning MQL 1:0, consid-
ering the water in its solution with the aid of compressed air,
managed to reduce the ductility of the material during the
process and penetrate the cutting zone more easily due to its
lower viscosity. Thus, this method softened the clogging, re-
ducing the dissipation of energy by the adhesion and friction
of the clogging on the workpiece surface during the cutting.
However, MQL 1:10 had a slight increase in its acoustic emis-
sion, since by significantly increasing the amount of water in
the MQL solution, its lubrication capacity is compromised,
resulting in an increase in rubbing and plowing and, conse-
quently, in higher acoustic emission.

Regarding friability, the CBN GL wheel, which has low
friability, obtained the highest acoustic emission for all cutting
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Fig. 8 Acoustic emission for different lubri-refrigeration conditions
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fluids. This behavior is a result of the greater difficulty of the
grains in generating new cutting edges during the process,
which in turn causes an increase in rubbing, plowing, and
vibration in the process. With this, the acoustic emission is
intensified with the less friable wheel.

Thus, diluted MQL 1:5 was more prominent, as it consid-
erably improved the results of pure MQL and achieved effi-
ciency close to the conventional one, in addition to bringing
more sustainability and savings for grinding.

3.6 Microhardness

Microhardness is a critical parameter to understand better the
performance of the grinding wheel, the cutting fluid, and the
quality of the process [46]. The grinding process presents high
thermal variations among its characteristics. These effects can
cause major changes in the microstructure and, consequently,
in the hardness of the workpiece if the process does not pres-
ent good lubri-refrigeration.

Thus, the microhardness of the workpiece surface was an-
alyzed before and after its grinding, using four methods of
lubri-refrigeration and two types of wheels, which can be seen
in Fig. 9. Regarding the results, the numerical difference be-
tween all combinations was not very large. In other words, it
means that there was no significant change in the microhard-
ness of the material and there was no thermal damage to the
workpiece by the grinding.

It is worth noting that although MQL has the worst result in
other analyzed parameters, it was efficient, given that it had no
variation in microhardness, thus being a promising alternative
to the use of the conventional method.

The high and low friability wheels used in this research did
not influence the microstructural change, i.e., the two CBN
wheels showed good results and did not affect the workpiece
structure.

3.7 Confocal images

Three-dimensional images made by the confocal microscope
can be seen in Fig. 10.

The images are compatible with the results obtained on the
surface roughness and variations in roundness error. The con-
ventional method showed the smallest surface variations, due
to the excellent lubrication, which reduces the machining
forces, and the excellent cooling, which softens the expansive
effects of the workpiece and the wheel. Besides, this method
reduces the clogging effect of the grinding wheel, which has a
high impact on the surface finish.

The MQL 1:5 method was the one that came closest to
the conventional to the surface finish. This result was due to
the better balance between lubrication and cooling that ex-
ists in this method. As it is less viscous than MQL 1:0,
dilution 1:5 penetrates the cutting zone more easily,
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Fig. 9 Microhardness values

540
obtained from the workpieces

surface and subsurface 520
500
480

460

Microhardness [HV]

440

420

400

60

B CBN GL Flood
O CBN GS Flood

removing chips and reducing the effect of clogging, in ad-
dition to removing more heat, which reduces the variations
caused by the expansion of the material and reduces thermal
and mechanical loads, improving the surface finish and re-
duces geometric errors.

With the increase in the amount of water in the dilution, as
in the case of MQL 1:10, the lubrication capacity is reduced.
Thus, this reduction causes an increase in cutting forces,
which can lead to vibrations, which worsen the surface finish
and the surface roughness.

Fig. 10 Confocal microscopy of
the ground surface for a flood
method, b MQL 1:0 (oil-pure), ¢
MQL diluted 1:5 (83% water),
and d MQL diluted 1:10 (91%
water)
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3.8 Viscosity

For all the different fluids tested, the viscosity changes, de-
creasing the higher temperature. This decrease occurs due to
the introduction of energy in the system, which excites the
fluid’s molecules, generating a disorder in the atomic bonds,
making them weaker, which, consequently, causes the viscos-
ity to decrease [3, 16]. Figure 11 shows the variations in vis-
cosity suffered by the tests with a logarithm scale for viscosity
and with an exponential trend line for the values found.

[v]

259.0um 259.0um

259.0 um 259.0 um
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The fluids that contain water concentration (conventional,
1:5, and 1:10) are those that have the lowest viscosity values
and the lowest rates of variation with increasing temperature.
This lower viscosity allows the fluid to penetrate the cutting
interface better, thus promoting a cleaning of this area, leading
to a reduction in the clogging effect of the grinding wheel.
These results improve the surface finishes and extend tool life.

For the MQL method diluted at a ratio of 1:5, the viscosity
at room temperature is slightly higher when compared to
MQL 1:10. However, during machining, the oil present in
greater quantity in this proportion has its viscosity reduced
with increasing temperature, reaching values close to those
of the conventional method and that of MQL 1:10.

On the other hand, pure MQL has a higher initial value and
a higher viscosity reduction rate. In this sense, the fluid used
contains only oil, which has a much higher viscosity com-
pared to the oil-water emulsion, which leads to a more abrupt
change in its viscosity in the tested temperature range. This
higher viscosity makes it difficult for the fluid to penetrate the
cutting zone.

4 Conclusions

Based on the output parameters of the austempered ductile
iron grinding, varying two CBN wheels with high (GS) and
low (GL) friability under the conventional lubrication
methods, pure MQL (1:0), and diluted MQL 1:5 and 1:10,
the following conclusions were generated:

* The flood method produced the best results in all the out-

puts of this work. This performance is justified by the high
lubricant and coolant capacity that this technique has,
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reducing the temperature and the clogging and its effects.
However, the high amount of cutting fluid used by the
method has a major impact on cost, health, and the envi-
ronment, making it an unsustainable method for today’s
industry.

Pure MQL had the worst performance in the tests due to its
low cooling capacity and the high clogging generated. On
the other hand, this alternative method did not cause mi-
crostructural changes and produced a low surface rough-
ness, which is within the tolerance accepted by the indus-
try (up to 1.6 um). Thus, pure MQL drastically reduces the
consumption of cutting fluid, increasing the sustainability
of manufacturing, and produced good results in this work,
even though it is inferior to all the lubri-refrigerant
methods analyzed.

The diluted MQL proved to be better than pure MQL in
the tests. Thus, the increase in the cooling capacity of the
MQL through the addition of water reduced the problems
with heating and clogging that this lubri-refrigerant meth-
od suffered. Also, the 1:5 dilution (oil-water) proved to be
better than 1:10, since the consequent reduction in oil from
1:5 to 1:10 significantly reduced the lubricating capacity
of MQL, impairing the results. Therefore, diluted MQL
1:5 (oil-water) was the best alternative method for all an-
alyzed outputs.

The greater friability of the CBN GS wheel produced bet-
ter results in grinding power and acoustic emission, which
is justified by the smaller contact area due to the higher
number of sharp edges. On the other hand, the less friabil-
ity of the CBN GL grinding wheel produced more uniform
grain cutting edges, in addition to not distorting the grind-
ing surface as in CBN GS, which resulted in better surface
and geometric quality. Thus, CBN GL was better than
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CBN GS in all outputs, except for grinding power and
acoustic emission.

* No lubri-refrigerant methods or wheels used in this work
resulted in microstructural changes. Thus, the refrigeration
applied in all methods effectively reduced the heating dur-
ing grinding, avoiding thermal damage.

»  Viscosity is much lower in the conventional method com-
pared to pure MQL. However, the addition of water to the
oil and applied through MQL substantially approached the
viscosity of this emulsion to that of the conventional one.
Besides that, the viscosity of both diluted MQL and con-
ventional is reduced with increasing test temperature.
Thus, diluted MQL has its penetration in the cutting zone
better than pure MQL, benefiting the lubri-refrigerant per-
formance of this method.

» Therefore, pure MQL and diluted MQL methods are eco-
friendly grinding alternatives that can produce high-
quality workpieces with productivity like the flood meth-
od, in addition to significantly reducing the socio-
environmental impact of manufacturing.
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