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Abstract

Characterized by the high heat generation, grinding has great difficulty in dry machining. As an alternative, it is proposed to apply
abundant cutting fluid (conventional method) or a minimum amount of lubrication, which in turn dispenses with disposal costs
and drastically reduces the volume of cutting fluid application during machining compared with the conventional technique.
Despite this, the application of cutting fluids in MQL can cause clogging of the grinding wheel, damaging the workpiece quality.
Against this, one of the techniques explored in the literature is the application of grinding wheel cleaning jet (WCJ), removing
part of the layer adhered to the surface of the grinding wheel. Also, the present work proposes the cleaning of the cutting surface
of the grinding wheel through the mechanical contact between Alumina (WCAB), and Teflon (WCTB) blocks with the cutting
surface of the CBN grinding wheel, during cylindrical grinding of AISI 4340 steel hardened. Feed rates of 0.25; 0.50; 0.75, and
1 mm/min were applied under the following lubri-refrigeration conditions: conventional, MQL, and MQL with WCJ, WCAB,
and WCTB. The parameters studied were roughness, roundness deviation, diametrical wheel wear, grinding power, acoustic
emission, and microstructural analysis. The results showed that the WCAB and WCTB could improve grinding conditions
compared with MQL without cleaning, mainly when applied with Alumina block. However, WCIJ is the better condition
associated with MQL. However, the conventional flood lubricant application remains with better results, indicant that it is
necessary more effort to improve the MQL technique.

Keywords External cylindrical grinding - Wheel cleaning jet - Wheel cleaning Alumina block - Wheel cleaning Teflon block -
Mechanical cleaning - Hardened steel AISI 4340
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tained by processes with defined cutting geometry, such as
turning and milling [1]. Cutting tools with undefined geome-
tries promote high removal rates in hardened materials [2] and
high metric precision [3]. High levels of surface finish, quan-
tified in terms of surface roughness, and high standards re-
garding geometric precision are demanded by high precision
mechanical components, which are applied in the automotive
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nature of grinding [7], can compromise the safe application of
a highly reliable workpiece [8], mainly in materials of difficult
machining [9].

The removal of material during machining in the case of
grinding can be controlled by measuring parameters such as
acoustic emission [10]. The contact between the cutting edge
of the tool and the workpiece, generating material deformation
and progressive disruption of the repressed material in the form
of chips [11] generating noise that can be classified in terms of
acoustic emission [4]. The deformation of the material and the
consequent chip breakage occurs at high deformation speeds
[12], producing high heat [13] flowing to the cutting tool, work-
piece, and chip [14]. The increase in temperature during ma-
chining is the biggest obstacle to be overcome, since the rise in
temperature causes damage to the cutting tool, such as adhesion
and diffusion, reflected in shorter tool life. Also, the workpiece
under high temperature undergoes microstructural changes
[15], geometric deformations, and loss of surface quality [16].
Thus, the simplest way to reduce and control the overall tem-
perature in machining is to apply cutting fluids [17] normally
applied in the order of liters per minute [18]. However, its
application is costly [19] and generates numerous environmen-
tal and labor liabilities due to the harmful agents present in its
composition, combined with the growth of colonies of micro-
organisms in its recirculation system [20].

The cutting tool applied to the grinding (grinding wheel) is
composed of abrasive ceramic grains, such as aluminum oxide
[3], silicon carbide, and cubic boron nitride [2], joined by a
vitrified or resin bond [21]. This structure gives the grinding
wheel numerous cutting edges of undefined geometry, simul-
taneously providing several points of material removal, which
produces high rates of heat generation [22] due to chip defor-
mation and chip friction under the cutting surface of the grind-
ing wheel making dry machining unfeasible [23].

Dry machining is covered in several works [24-26]. One of
the motivations for the elimination of cutting fluids is the cost,
which can reach 17% of the production cost within the auto-
motive industry [25]. According to Sreejith and Ngoi [26], dry
machining requires adequate measures to compensate for the
absence of refrigerants and that dry machining is only possible
when all operations can be done dry. However, such technology
needs to be improved, so that dry cutting is fully employed in
industries. Materials for cutting tools and coatings resistant to
high temperatures [24], self-lubricating surfaces [25], cryogenic
machining, hybrid machining [26], and application of minimal
cutting fluids [27] are promising techniques for reducing and
eliminating the use of cutting fluids in machining.

The application of minimum quantity lubrication (MQL) is
used in recent researches about grinding [14, 28-30]. The com-
parison between grinding wheels of Al,O3 and CBN during the
grinding of hardened steel 100Cr6 indicated lower temperatures
for the application of CBN [29]. The amount of energy trans-
ferred to the workpiece for the implementation of MQL with an
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Al,O5 grinding wheel ranges from 73 to 77%, compared with
36% for conventional lubrication. Allied to this, for the appli-
cation of MQL with CBN grinding wheel, the energy partition
that is conducted to the workpiece is 46 to 52% as opposed to
14% with the use of conventional fluid. This indicates that the
application of MQL requires techniques that promote a more
significant temperature reduction [29]. De Moraes et al. [28]
performed comparisons between MQL with pure oil and with
oil diluted in water, indicating that the presence of water in the
solution provided an improvement in final roughness, temper-
ature, friction during the grinding, and roundness deviation of
the workpiece when compared with the method with pure oil,
especially in proportion to the MQL 1:5 dilution that reduced
the amount of oil in the process by 83%. According to Mao
et al. [30], the heat transfer during the application of MQL in the
grinding follows a non-linear trend due to the characteristic of
fluid spray application, making it difficult to determine the
proper mixture without previous tests.

In many cases, the improvement of thermal dissipation dur-
ing grinding can be promoted by mechanisms for cleaning the
clogged cutting surface of the grinding wheel [31], formed by
chip residues, lubricant, and loose abrasive grains [32]. The
presence of a sludge layer on the cutting surface promotes an
increase in the contact area between the wheel and the work-
piece, thus increasing friction during grinding and improving a
decrease in the surface and dimensional quality of the mechan-
ical component, which lead to a higher incidence of the dressing
process of the grinding wheel and compromising its life [33].

Experiments indicated that cleaning of the grinding wheel
surface by applying a compressed air jet called wheel cleaning
jet (WCJ). In this sense, the jet positioned 30° from the base of
the grinding machine and in opposition to the rotation of the
grinding wheel, significantly reduced the clogging of the
wheel surface during machining the AISI 4340 steel with
CBN wheel and MQL. This result is close to that obtained
with conventional lubrication [32]. The same scenario can be
observed for the application of aluminum oxide grinding
wheels [31], in which the MQL with WCJ was able to reduce
roughness, shape errors, machining energy, and forces of cut
compared with conventional MQL and cryogenic MQL tech-
niques. Besides that, the MQL + WCJ obtaining values close
to the traditional lubrication condition. In this way, an expan-
sion in the industrial applicability of the MQL with WCJ
alternative technique can be achieved through the methods
of cleaning the grinding wheel during the machining, promot-
ing lower machining temperatures, and increase the life of the
wheel. However, the application of compressed air jets for
cleaning can lead to increases in the cost of electricity and
high levels of noise in the production environment.

However, the environmental issue related to the reduction
of the cutting fluid application can impact in other circum-
stances. Greater tool wear, due to less heat dissipation [22],
increased machining power and, consequently, increased
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energy consumption and longer machining times [11] can
negatively impact the reduction in the use of cutting fluid,
justifying the great need in the development of techniques that
improve the machining conditions with a reduced volume of
cutting fluid used.

The present work proposes the application of new tech-
niques for cleaning the grinding wheel cutting surface, which
is based on the mechanical cleaning of the cutting surface
through the use of mechanically actuated Teflon bars
(WCTB) and aluminum oxide bars (WCAB) against the wheel
at the time of grinding. Also, there will be a comparison be-
tween the methods proposed here with the WCJ technique, as
well as a comparison with the conventional lubrication tech-
nique. The primary purpose of the job is to seek better environ-
mental machining conditions by not only reducing the volume
of cutting fluid but also by increasing the life of the wheel and
reducing energy consumption. Thus, the input parameters are
roughness, roundness deviation, grinding wheel wear, grinding
power, acoustic emission, and microstructural analysis.

2 Materials and methods

The tests were carried out through the cylindrical grinding.
The machine tool applied was a cylindrical grinding machine
model RUAP 515-H SulMecanica, with Fagor CNC com-
mand. The cylindrical grinding has a 3.6 kW and 1800 rpm
of maximum rotate. The CBN grinding wheel with a vitrified
bond was used, manufactured by Nikon, model
B91R300V23A, with an external diameter of 350 mm, an
internal diameter of 127 mm, and a width of 15 mm.

The material chosen for the analyses was AISI 4340 steel,
highly applied in the mechanical metal industry, quenched, and
tempered, reaching an average hardness of 54 HRc. The
workpieces have an external diameter of 54 mm, an
internal diameter of 30 mm, and a width of 4 mm, with
a maximum tolerance of 0.1 mm.

The lubrication methods applied were based on conventional
lubrication techniques with abundant cutting fluid and with the
application of cutting fluids MQL. The cutting fluid adopted for
traditional application is a semi-synthetic cutting fluid Rocol
ultra cut 370, prepared in a 1:40 emulsion, applied at a flow
rate of 17 I/min and 0.12 MPa. The MQL fluid application was
fulfilled with the Accu-lube 79053D system (ITW Chemical
Products Ltd.), in which the biodegradable fluid ITW LB
1000 was applied. The pressure applied to the MQL system
was 0.6 MPa, at a flow rate of 150 ml/h of cutting fluid.

Together with the MQL system, a cleaning nozzle was
applied, positioned at a 30° angle of attack, directed against
the rotation of the grinding wheel, using a pressure of 0.7 MPa
and a flow of 480 I/min of compressed air. This system set is
effective for cleaning the grinding wheel cutting surface in
previous works [31, 32].

A system for mechanically cleaning the cutting interface of
the wheel, using Alumina blocks (WCAB), with granulometry
80, and industrial Teflon blocks (WCTB), was installed on the
top of the grinder. Both bars have a rectangular profile (60 x
25 mm) with an angle of 60° by the contact interface, being
driven by a linear electric actuator. The contact between the
cleaning block and the CBN grinding wheel is made by the
actuator, in which the maximum point of displacement and
maximum application force of the mechanical cleaning system
is carried out by measuring the voltage and currents consumed
by the actuator. In this way, a control system based on the
application of a microcontroller programmed for such use de-
termines the maximum force in which the cleaning system acts
on the grinding wheel, thereby ensuring compensation for the
wear of the grinding wheel and the wear of the bars Teflon and
Alumina. The component assembly setup is shown in Fig. 1.

The machining parameters consisted of the peripheral
speed of the grinding wheel (Vs) of 30 m/s, workpiece speed
(Vw) of 0.58 m/s, applying time of 3 s for the spark-out. At
each test and wear measurement of the grinding wheel, a
diamond-type dresser dressed it at a speed of 0.3 mm/s and
an advance of 0.02 mm/rotation, to a depth of 2 pm. Each test
removed 1618 mm?® of workpieces.

In terms of repeatability, each condition was evaluated in
three experiments, with four feed rates: 0.25, 0.50, 0.75, and
1 mm/min. The requirements for the tests were based on the
application of conventional lubri-refrigeration, MQL without
cleaning, MQL + WCJ, MQL + WCTB, and MQL + WCAB.

The tests were evaluated in terms of roughness, roundness
deviation, diametrical grinding wheel wear, grinding power,
acoustic emission, and microstructural analysis.

The measurement of surface roughness was obtained in
terms of arithmetic mean roughness (Ra) using a Taylor
Hobson Surtronic 3+ rugosimeter, configured with a 0.25 mm
cut-off and a sample length of 1.25 mm, in which measure-
ments were made three measurements on each workpiece.

Still on superficial analysis, the confocal microscopy tech-
nique was applied, aiming to obtain the surface of the speci-
mens in 3D images after the different conditions of grinding.
For this purpose, an Olympus confocal microscope, Model
LEXT OLS4100 with x 1000 magnifications, was applied.
A scanning electron microscope (SEM) model EVO LS15,
manufactured by Carl Zeiss, was applied to the visualization
of the ground surface, with a magnification of x 500.

The structure of workpieces subjected to grinding in differ-
ent conditions was observed under conventional microscopy,
using an optical microscope, models Olympus BX-51, with
magnifications of x 500. The workpieces were previously pre-
pared and embedded in bakelite, and then chemically attacked
with 2% Nital. The observation of the microstructure allows
the visualization of the formation of superficial martensite or
white layer, as well as the creation of micro-cracks visible only
in such observations.
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—— Linear actuator

Cleaning with contact block — ALO:; or Teflon

Fig. 1 Grinding setup, with emphasis on cleaning with compressed air and with Teflon and Alumina blocks

A roundness measurement equipment manufactured by the
company Taylor Hobson, model Talyrond 31c, was applied to
measure the roundness deviation of the workpieces. The
equipment probe traveled a circular path around the workpiece
in each measurement, with three measurements being made
for each condition.

As for the evaluation of the wear of the grinding wheel, the
technique of printing the wheel surface on a workpiece of
AISI 1020 steel was applied, with dimensions of 30 mm in
diameter and 120 mm in length. As it is low-strength steel,
grinding through a dip in this material ensures the comparison
ofthe unused region of the grinding wheel with the area where
the grinding was performed, considering that the workpiece is
4 mm thick and the 15 mm grinding wheel. The evaluation of
the worn region of the grinding wheel is made through the
rugosimeter mentioned above.

The machining power was evaluated through a data acqui-
sition system coupled to the grinding machine. This set con-
tains hall sensors for measuring the current and voltage con-
sumed, together with an encoder fixed to the primary motor
shaft. The components are connected to a Curvepower module
and subsequently connected to a PCI-6035E DAQ card, both
from National Instruments. In this way, the encoder can pro-
vide the peripheral speed of the grinding wheel and the hall
sensors the voltage and current at the time of grinding.
Together with this system, the software LabView 7.1
(National Instruments) and MatLab 2016a (Mathworks) were
used for data acquisition and processing.

The data related to the acoustic emission were collected
using a piezoelectric sensor model 353B03, positioned on
the counter-tip of the workpieces holder. This sensor was con-
nected to PCI-6035E DAQ, using the LabView 7.1 and
MatLab 2016a software for data acquisition and treatment.
All data were acquired at a rate of 2 kS/s.

@ Springer

3 Results
3.1 Surface roughness

The average results of surface roughness in terms of pm Ra are
shown in Fig. 2. The increase in the feed rate from 0.25 to 1 mm/
min provided an overall increase in roughness for all conditions.
The increase in roughness due to the higher feed rate is linked to
the more exceptional thickness of the chip, which consequently
generates greater contact area and cutting efforts [34].

The abundant application of cutting fluids gave the ground
workpieces lower values of surface roughness in all conditions
since the conventional condition provides a higher rate of heat
removal and flushing away the chips from the regions of cut
[22, 35]. On the other hand, the application of MQL without
any cleaning provided the worst machining conditions, mainly
aggravated by the accumulation of material at the cutting in-
terface, increasing friction, and higher the cutting temperature
during grinding [36-39].

The comparison made between the cleaning processes
WCJ, WCTB, and WCAB showed results that varied accord-
ing to the feed rate. In the face of the conventional condition,
the WCJ generated an increase of 30, 5, 4.8, and 7% in the
surface roughness applied at the feed rates of 0.25, 0.50, 0.75,
and 1 mm/min respectively. The WCTB generated an increase
in roughness compared with the conventional condition in the
order of 87.5, 42, 77.4, and 124%, in the mentioned speeds of
advancement respectively, while the cleaning performed by
WCAB provided increases in roughness 75, 25, 45, and
57% at the given rates respectively and compared with the
conventional condition. Explored in previous works [11, 32,
38, 39], the WCJ promoted the best condition for the applica-
tion of MQL, since the correct positioning of the nozzle pro-
moted the removal of a large part of the layer adhered to the
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Fig. 2 Average surface roughness for different machining conditions

cutting surface of the grinding wheel. The use of the WCTB
provided greater clogging due to the mechanical characteris-
tics of such material. The contact of a low hardness material
with the CBN grinding wheel generated rapid wear of the
block, causing the material to stick to the contact regions
and worsen the final conditions of the workpiece. Despite
what has been reported, the application of Teflon blocks next
to MQL still provides better surface roughness compared with
the use of MQL without any cleaning technique. MQL aided
with WCAB showed better cleaning conditions compared
with MQL without cleaning and MQL with cleaning with
Teflon block, mainly at feed rates of 0.75 and 1 mm/min.
The increase in chip thickness considerably increases the
width of the bonded layer. Thus, the application of material
with abrasive characteristics, as in the case of the aluminum
oxide block, promoted the removal of the bonded material by
machining, in which the micro edges of cutting the block
could remove such an adhered layer. The presence of a larger
layer of adhered material ensured less contact between the
grinding wheel and the Alumina block since at the lowest feed
rates (0.25 and 0.50 mm/min), the average surface roughness
values obtained did not show high variations in the final
roughness of the workpiece.

The surface of workpieces subjected to the most severe
machining condition is shown in Fig. 3. Despite the increase
in the average roughness seen in Fig. 2 seen for WCAB, this
condition presents a more homogeneous surface (Fig. 3c)
compared with the condition with WCTB (Fig. 3d). For the
feed rate of 1 mm/min, cleaning with Teflon (Fig. 3d) present-
ed deeper risks, evidenced by 3D scanning, similar to that
found for the condition of MQL without cleaning (Fig. 3e).

Among the proposed cleaning processes, the WCAB con-
dition surpassed the WCTB condition; however, it was not
able to overcome WCIJ in terms of surface roughness.

3.2 Roundness deviation

The geometric errors presented in workpieces subjected to the
grinding process are directly linked to distortions caused by

thermal damage at the time of grinding, as well as by mechan-
ical deformations caused by abrupt machining parameters [31,
40]. The average values shown in Fig. 4 indicate lower round-
ness errors for the conventional condition.

The greater supply of cutting fluid during conventional
application provided higher fluid volume on the workpiece-
wheel contact interface. Thus, greater thermal dissipation and
friction reduction were achieved, culminating in the smallest
roundness deviations. As seen in roughness, increasing the
feed rate from 0.25 to 1 mm/min progressively increased
roundness deviations due to thermal and mechanical distor-
tions during the grinding.

The increase in the roundness deviation is clear for all MQL
applications presented. Reducing the volume from 7 I/min (con-
ventional method) to 150 ml/h during MQL applications fatally
compromises thermal dissipation [34], but the presence of a
clean grinding wheel cutting surface or with the least amount
of adhered debris can reduce the contact area and consequently
reduce the friction during the grinding [41]. Besides that, the
MQL technique with WCJ can reduce the roundness deviation
by 17 to 35% compared with MQL without cleaning. In this
context, the WCAB showed excellent results, indicating aver-
age values higher than 1 to 7% when cleaning by WCJ, dem-
onstrating great proximity between the results of these two
techniques. Despite the reduction in roundness deviation ob-
tained for the application of WCTB, this cleaning technique
did not match the WCAB. Again, the moment the Teflon block
acted in contact with the grinding wheel to remove the clogged
layer, part of the material removed from the Teflon was adhered
to the cutting surface, generating roundness deviation higher
than WCJ and WCAB. Thus, the WCAB improves better re-
sults compared with MQL, just above the results presented in
MQL with WCIJ.

3.3 Diametral wheel wear
The mechanisms that cause an increase in surface roughness

and an increase in roundness deviations also culminate in a
decrease in the life of the cutting tool [42]. Besides that,
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Fig. 5 Diametrical wheel wear obtained during different machining conditions

changes in machining parameters, such as an increase in the
feed rate, cause an increase in the wear rate of the grinding
wheel and thus increase the machining costs [43, 44]. The loss
of abrasive material from the grinding wheel is due to the
friability of the grinding wheel and also by thermal degrada-
tion of the bond [45].

The trend shown in Fig. 5 indicates that the lowest wear
rate of the grinding wheel occurs for the conventional condi-
tion. In this sense, the highest wear values are seen for the
application of MQL without cleaning, which increases of 66
to 194% in the diametrical wear of the grinding wheel com-
pared with the conventional method. The application of MQL
without cleaning limits the grinding process, considering that
the damage caused to the workpieces, as well as the increase
in the wear rate of the cutting tool, can make production un-
viable [25, 26].

Given the results presented, the MQL condition with WCJ
provided the best condition for the application of MQL, a fact
that is helped by the temperature reduction promoted by the
air jet, which can reduce the local temperature of operation
and prevent thermal degradation of the bond [46, 47].

The increase in the feed rate brought a general increase in the
wear of the grinding wheel for all the cleaning conditions pro-
posed. WCTB and WCAB reduced wear compared with the
MQL condition without cleaning, indicating close values for
both conditions. However, the subtle increase in the diametrical
wear of the grinding wheel with WCAB against the application

WCTB is caused by the higher hardness of the Alumina than
the Teflon, which together with the removal of clogged debris
ends up removing with it a higher amount of abrasive grains.
Thus, it is possible to determine that WCTB presented results
comparable to MQL with WCJ, surpassing WCAB.

3.4 Grinding power

The grinding power is directly linked to the clogging of
the micropores of the grinding wheel and the consequent
increase in the contact area between the chip and grinding
wheel [1, 42]. In this context, the constant deformation
and removal of material in the form of chips gradually
increase the temperature accumulated in the workpiece,
providing increased adhesion and diffusion between
workpiece and cutting tool [12]. Also, the heat generated
in the workpiece can create the phenomenon of thermal
softening of the workpiece, which can be beneficial for
the reduction of efforts under certain machining condi-
tions with defined geometry [12]. However, the grinding
of high ductility materials, such as those presented by
metallic materials under high temperatures, makes it even
more challenging to remove the material, since the thermal
softening of the material causes the clogging of the cutting
interface of the grinding wheel, culminating in the increased
contact area through the largest contact area [15, 48].

1400
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2 S0 EMQL+WCTB
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2
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R
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0 .
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Fig. 6 Grinding power for various machining conditions
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Fig. 7 Acoustic emission for various machining conditions

As well as the results previously mentioned, in Fig. 6,
which indicates the average values for the grinding power
during the tests, the lowest values obtained during the appli-
cation of fluids in abundance are clear. Among the cleaning
techniques presented, cleaning with compressed air was able
to present the best results among MQL applications. The
WCTB showed results slightly inferior among the cleaning
conditions, while the WCAB showed intermediate values be-
tween WCJ and WCTB. Firstly, the WCJ generates only its
contact with the grinding wheel through the jet of compressed
air, while the other presented methods promote mechanical
contact at the cutting interface. Despite the contact controlled
by the actuator, the material is removed from the blocks that
contribute in part to the increase in the measured grinding
power, part of which is consumed by the grinding of the
Teflon and Alumina cleaning systems. The adhesion of the
material to the Teflon block resulted in increased friction at
the contact interface, requiring higher energy for material re-
moval. The physical characteristics of Alumina prevented its

adhesion and provided more elevated rates of removal of the
adhered layer on the cutting surface, surpassing the results
presented by cleaning with Teflon.

However, despite the portion of energy consumed by the
contact between the cleaning blocks and the grinding wheel,
the MQL without cleaning cannot overcome the conditions
with mechanical cleaning, thus indicating that the portion of
energy consumed by the contact between the grinding wheel
and the cleaning can be minimal if compared with the amount
of energy released with the severe increase in friction on a
surface clogged by chips.

Once again, WCAB presented better results than WCTB,
however still showing greater grinding power in relation to
MQL with WCIJ.

3.5 Acoustic emission

The cutting surface of the grinding wheel is characterized by the
presence of several cutting edges grouped by the bond [21].

@ Ground surface

Workpiece

: Ground surface |
section

Bakelite

Ground surface

Ground surface

Fig. 8 Micrograph of ground workpieces under 1 mm/min feed rate. a Workpiece embedded in Bakelite. b Conventional lubri-refrigeration condition. ¢

MQL + WCJ. d MQL + WCAB. e MQL + WCTB. f MQL without cleaning
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Hamilton et al. [49] point out that the lubrication mechanisms by
micro irregularities occur through hydrodynamic lubrication and
capillarity. In grinding, the cutting fluid can penetrate the grain
interstices and be removed during machining, forming cutting
fluid microfilm between the grinding wheel and the workpiece.
In this way, the clogging of the contact interface reduces the
penetration of cutting fluid into the contact interfaces, thus in-
creasing the acoustic emission during grinding [50, 51].

Figure 7 shows the results of the RMS acoustic emission
signals (in Volts) in all evaluated machining conditions.

Conventional lubri-refrigeration allowed for the least
amount of chips in the cutting zone, as debris is removed more
easily during machining. The severe increase in the acoustic
emission measured values can be observed for all feed rates
during the application of MQL, indicating high degrees of
clogging of the grinding wheel. The use of MQL with
WCTB and WCAB obtained similar results for the feed rates
0f 0.25 mm/min and 0.50 mm/min, but with the increase in the
feed rate, there were lower values of acoustic emission for
cleaning with WCAB.

The results showed that WCAB shows good results com-
pared with MQL and WCTB. The reduction of acoustic emis-
sion thorough cleaning with WCTB and WCAB cannot over-
come cleaning with WCJ terms of acoustic emission. However,
they present less noise when compared with the application of a
jet of compressed air through a cleaning nozzle.

3.6 Workpiece cross section analysis

The presence of a white layer can compromise the final appli-
cation of the workpiece. The formation of tempered martens-
ite, commonly called the white layer, allows the creation and
propagation of microcracks on the ground surface,
compromising the application of the affected material in me-
chanical components with high mechanical stress [52, 53].
The formation of this layer is directly linked to the lubri-
refrigeration machining conditions.

In this way, the microstructural evaluation of the ground
workpieces indicates the effectiveness of the cleaning
methods presented combined with the use of MQL, in terms
of surface integrity, due to the lack of microstructural changes.
Figure 8 shows the micrographs taken on workpieces submit-
ted to the most extreme condition, with an advance of 1 mm/
min. No signs of superficial burning and annealing were
found. The higher mechanical and thermal stresses to which
the workpieces were exposed, mainly in the condition of
MQL without cleaning (Fig. 8f), were not enough to generate
microstructural changes that could compromise the integrity
of the ground workpieces under the given circumstances.

Despite the good results presented regarding the nonexis-
tence of affected layers, flood lubrication showed the best
results in all previous parameters and indicating new tech-
niques for the application of MQL must be developed to allow
its use on a large scale.

3.7 Comparative results

The comparative result demonstrates the trend observed for all
the adopted feed rates. Based on the average values for all feed
rates and considering the values obtained for the conventional
condition as a reference, in Fig. 9 that all conditions with
cleaning showed values that were between the conventional
condition and the MQL without cleaning. In terms of rough-
ness, roundness error, grinding power, and acoustic emission,
WCAB showed better results compared with WCTB, while
for the diametrical wheel wear, the opposite was obtained.
Compared with MQL with WCJ, the results of the roundness
deviation were close to the WCAB, whereas for the diametri-
cal wheel wear, the WCTB condition was closer.

4 Conclusions

The comparison among the cleaning process with WCJ,
WCTB, and WCAB compared with the MQL without
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cleaning, and the conventional lubrication cooling on the
grinding of AISI 4340 quenched and tempered steel indicated
the following results:

* In all tests, the conventional flood shows better results,
followed by the condition of MQL with WCJ, demonstrat-
ing that cleaning techniques together with MQL can be
fundamental in grinding.

*  The surface roughness obtained with WCTB and WCAB
showed better values compared with the MQL condition
without cleaning, since the Alumina block showed good
results due to the greater layer adhered to the advances of
0.75 and 1 mm/min. For the 1 mm/min feed rate, cleaning
with Teflon showed values close to MQL without cleaning.

* The roundness deviation presented during the application
of the WCAB values close to the MQL with WIC, indi-
cating that the Alumina was able to clean the cutting sur-
face and promote the sharpening of the grains. Besides
that, this sharpening culminated in a higher wear rate of
the grinding wheel during the WCAB application than
during the WCTB application.

* The values obtained for WCTB in terms of diametrical
wheel wear indicate that the lower resistance of Teflon
does not remove excessive abrasive material in cleaning,
reducing wheel wear compared with WCAB.

* The low mechanical resistance of Teflon made this mate-
rial easily adheres to the cutting surface of the grinding
wheel, generating an increase in the contact area and the
friction during the grinding. The loss in lubrication effi-
ciency caused the energy consumed to be close to the
value of the MQL condition without cleaning. Thus, the
grinding power decreases compared with MQL and in-
creases compared with MQL with WCJ.

* The acoustic emission values indicated that the application
of WCTB and WCAB shows reductions compared with
the MQL condition without cleaning. However, it also
demonstrates that the conventional lubrication condition
presents values well below the acoustic emission com-
pared with the best MQL condition.

*  No thermal damage was found, such as tempered martens-
ite for all conditions evaluated.

* Reduction in grinding power and diametral wheel wear
compared with MQL without cleaning showed that the
WCTB and WCBA promote better environmental condi-
tions for grinding, but, among the evaluated MQL tech-
niques, WCI still obtained the best results.

» Thus, the cleaning process based on the application of
Teflon and Alumina blocks represents an alternative to
cleaning with compressed air, requiring further studies
on the implementation of this technique.
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