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Abstract Minimum quantity of lubricant (MQL) in grinding
is an alternative for reducing abundant fluid flow and both
environmental and health hazards when compared with con-
ventional fluid application. In spite of the fact that MQL is
considered an innovative cost-effective and environmentally
friendly technique, when used in grinding its inadequate ap-
plication can increase cutting temperature and wheel clogging,
worsening surface roughness, and increasing geometric and
dimensional errors. The present study aims to evaluate im-
provements in MQL in grinding using MQL +water (1:1,
1:3, and 1:5 parts of oil per parts of water), when compared
to MQL without water and conventional cooling-lubrication
technique. Wheel cleaning by compressed air was also tested,
aimed for unclogging of the wheel pores. The tests were per-
formed in a plunge cylindrical grinder with CBN wheel and
workpieces of AISI 4340 for different feed rates. The ground
workpieces were analyzed with respect to the surface rough-
ness, roundness errors, microhardness, and microscopic
changes. In addition, tangential cutting force and diametric
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wheel wear were investigated. The results observed for the
MQL plus water in the proportion of 1:5, with wheel cleaning
system (at 30° inclination angle of the air nozzle) were the
best, when compared to MQL without water, and close to
the conventional flood coolant, implying that this technique
is a potential alternative for cooling-lubrication when applied

properly.

Keywords Grinding - Cutting fluids - MQL - MQL with
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1 Introduction

Grinding is a complex machining process commonly used as a
semi-finishing or finishing operation. Differently from ma-
chining process such as turning and milling, the abrasive
grains of the grinding wheel, which perform the role of cutting
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edges, are irregular in shape and randomly distributed along
the bond matrix [1].

In grinding operation, energy is consumed to form the chip
by plastically deforming the workpiece and/or by overcoming
friction because of the mechanical and chemical actions of
wheel abrasives being plunging and sliding against the work-
piece [2]. During the chip formation, most of the generated
energy is converted into heat, raising the temperature within
the cutting zone. If this temperature is not maintained within
acceptable levels, thermal stresses occur in the workpiece and
may compromise the ground surface and sub-surface integrity
by cracking, warping, grinding burns, microstructural alter-
ations, developing high residual tension, and generating di-
mensional inaccuracy [3].

For adequate dissipation of the high amount of heat gener-
ated, cutting fluids with high flow rates are usually applied [4].
However, the rotating grinding wheel generates an air barrier,
harming proper fluid penetration in the cutting zone [5]. On
the other hand, as already cited, high temperatures at the cut-
ting zone can be very deleterious to the workpiece. Therefore,
it is necessary to find a way for the fluid to penetrate into the
cutting zone in order to protect the workpiece against all these
damages.

In the grinding process, cutting fluid has three important
functions: lubricating the contact between the workpiece
and the grinding wheel, cleaning the chips in the cutting
zone, and cooling of the workpiece [6]. It is not suitable
not to use cutting fluid in grinding process, since it may
cause thermal damages to the workpiece surface. Minimum
quantity lubrication (MQL) stands as an alternative to dry
grinding and conventional (flood coolant) lubrication-
cooling systems [7]. MQL is a technique where a minimal
amount of liquid (frequently neat oil) is pulverized in a
flow of compressed air and directed toward the cutting
zone. Since it uses an amount of neat oil much smaller than
flood coolant, grinding with MQL is considered a much
more environmental friendly process. If part of the neat
oil used in MQL is replaced by water, the process becomes
even more environmentally friendly; since, besides de-
creasing the amount of oil used, it also minimize the mist
of oil and air created in the grinding machine.

Despite the fact that MQL is efficient in the task of cutting
zone lubrication, the application of low amounts of fluid in
grinding harms wheel cleaning, increases wheel clogging by
the small chips formed, and reduces the wheel cutting poten-
tial and performance [8]. Wheel clogging increases cutting
forces, accelerates wheel wear, and harms the desired surface
roughness. MQL does not promote adequate chip removal due
to the fact that the grout formed by machined small chips
mixed with MQL oil adheres to the wheel surface and clog
its pores [9]. Therefore, even if MQL is an environmentally
friendly technique due to its lower amount of fluid used, it is
not easily applicable in grinding processes.
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There has been increasing amount of work involving
MQL + water, either presenting good results, when compared
to MQL without water, in terms of workpiece surface rough-
ness, roundness errors, and wheel wear [10], or even stating
that MQL with water can be superior to conventional flood
coolant [11]. Also, studies proved that MQL with water has a
better cooling capacity than MQL without water, along with a
slightly lower lubricating capacity, as stated by the grinding
force results [12].

An effective grinding wheel surface cleaning can be ob-
served when the MQL cooling-lubrication technique is used
along with a 30° incidence angle of compressed air jet. This
combination of factors leads to improvements of output vari-
ables under investigation, such as surface roughness, round-
ness, wheel wear, acoustic emission, and microhardness,
when compared with the MQL without cleaning, and even
with the conventional flood coolant [13].

The present work aims to improve MQL application in
grinding by combining effects of MQL with water along with
wheel cleaning by compressed air. Water is added to the MQL
oil (using the ratios 1:1, 1:3, and 1:5 parts of oil per parts of
water) in order to reduce the overall viscosity of the fluid and
improve along with a compressed air jet directed to the wheel
surface, grout removal, and overall results. In addition, MQL
with water becomes more environmentally friendly reducing
the amount of used oil. A wheel cleaning technique by com-
pressed air was developed, proving itself a powerful technique
for reducing wheel clogging; therefore, an improvement of the
surface roughness, roundness errors, and wheel wear is ob-
served. Thus, the MQL with wheel cleaning leads to a minor
environmental impacts and health risks due to the great reduc-
tion of neat oil flow, without compromising the grinding pro-
cess results [13].

2 Materials and methods

A CNC cylindrical plunge grinding machine equipped with a
vitrified CBN (cubic boron nitride) grinding wheel with
350 mm outer diameter, 127 mm internal diameter, 20 mm
width, and 5 mm abrasive material thickness was used. Ring-
shaped workpieces of AISI 4340 steel, quenched, and tem-
pered (54+2 HR(), with dimensions of 54 mm outer diame-
ter, 30 mm internal diameter, and 4 mm thickness were used
for the tests. The wheel was dressed before every experimental
test in accordance with the summarized conditions shown in
Table 1 (adapted from [13]).

The MQL system used was comprised of an air compres-
sor, a pressure controller, a flow measuring device, and a mix-
er nozzle. The flow rates of compressed air and lubricant fluid
were separately controlled by the aforementioned MQL sys-
tem, which had a built-in intermittent oil supply. A turbine
flow meter was employed to monitor the compressed air flow
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Table 1 Grinding conditions
Grinding mode

Grinding wheel
Wheel speed (ve—m/s)

Radial feed rate ve—mm/min (specific

material removal rate—mm® /s)
Work speed (vy,)

Effective depth of cut (a.)
Cooling-lubrication conditions

Conventional cutting fluid
MQL cutting fluid

Oil flow in MQL
Air pressure in MQL
Air flow in cleaning system

Velocity of compressed air in cleaning

system
Air pressure in cleaning system

Workpiece material
Dresser

Dressing depth (aq)
Sparkout time (z;)
Dressing speed (vq)

External cylindrical plunge grinding

SNBI151Q12VR2 (vitrified cubic boron nitride wheel)

30 (low for CBN wheels, but limited by the grinding machine)
0.25 (0.71), 0.50 (1.41), and 0.75 (2.12)

Vw=0.58 m/s
a.=12x107325%1073;3.7%x 107> mm/rev

Conventional (flood coolant) conventional MQL and MQL with
wheel cleaning, with an incidence angle of 30°

Semi-synthetic vegetable oil-based emulsion at 2.5 %
concentration

100 % vegetable, biodegradable, viscosity of 70 centistokes
(25 °C)

2.7x10°% m¥/s

6.0 x 10° Pa

8.0x107° m’/s

470 m/s

7.0 x10° Pa
AISI 4340 steel, quenched and annealed (54 =2 HRc)

Diamond cluster called “block grit” by Marinescu [14]—area of
15 mm x 8 mm x 10 mm

aq=0.02 mm (12 passes)
t;=8s
740 mm/min

rate. The grinding wheel cleaning system consisted of an air
compressor, flow and pressure meters, a flow distributor, and a
nozzle. The cleaning nozzle was placed at 1 mm distance from
the grinding wheel surface.

Each test consisted of 3900 mm® of material removed using
a specific set of grinding condition and was repeated three
times. Three distinct cooling-lubrication techniques were ap-
plied: the conventional one (flood coolant), the MQL (using
just neat oil with and without water), and the MQL plus a
grinding wheel surface cleaning system.

For the experiments with flood coolant, semi-synthetic sol-
uble oil (2.5 % emulsion in water) was used at an output
pressure of 0.4 MPa and flow rate of 2.83x10~* m?/s. For
MQL and MQL plus water (1:1, 1:3, and 1:5 parts of oil per
parts of water), a vegetable-based biodegradable oil was used.
Table 1 shows the conditions used in the experiments.

MQL air pressure was 6.0 x 10° Pa, and oil flow rate was
100 ml/h (2.7 x 10~® m*/s). The same fluid flow rate was used
for the mixing oil plus water in all proportions. The nozzle
design by da Silva [15] allows proper mixing, increasing fluid
penetration.

Details of the experimental cooling-lubrication conditions
employed in this investigation are shown in Table 2.

The wheel cleaning system was applied [13] using com-
pressed air at a flow rate of 8.0x 107> m?/s and pressure of
7.0x10° Pa. Compressed air was supplied by a dedicated
designed nozzle for grout removal of the wheel pores

(Fig. 1). Also, 30° was the air jet angle of incidence. This
angle of incidence was chosen based in Oliveira [13] since it
was the angle that provided the best results in terms of surface
roughness, wheel wear, and other variables.

Surface roughness, Ra parameter, and measurements were
conducted using a Taylor Hobson Surtronic 3+, with 0.25 mm
cutoff. Roundness errors were measured by Taylor Hobson
Talyround 31C.

Grinding power was determined from the consumed energy
of the grinding machine axis. Voltage and current signals from
the spindle motor were converted into power signals, gathered
and processed by National Instruments LabVIEW 7.1.

In order to measure diametric wheel wear, three workpieces
were ground, using a method described in Oliveira [13]. An
AISI 1020 steel cylinder (35 mm diameter and 120 mm
length) was used for printing the worn wheel profile. For
profile measurement, Surtronic®” was used, along with
Taylor Hobson TalyMap.

Vickers workpiece microhardness was measured using a
Mitutoyo HM-211 (300 g during 40 s) in order to evaluate
workpiece microstructural alterations after grinding. The
workpiece surfaces were assessed by optical microscopy
(Olympus BX-51). The preparation consisted of sanding,
polishing, and etching with Nital 0.2 %, followed by ultrason-
ic cleaning.

Results presented for the outputs are averages of five mea-
surements in different positions of each workpiece tested in
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Table 2 Cooling-lubrication

conditions Cooling-lubrication technique Cutting fluid Flow rate Pressure
MQL (oil) Accu-Lube LB1000 Air—34 m*/h 0.6 MPa
Oil—100 ml/h
MQL (oil + water) Rocol BIOCUT 9000 Oil + water—100 ml/h
Conventional ULTRACUT 370 17 /min 0.4 MPa

each condition. For each condition, three workpieces were
ground.

3 Results and discussion

In this session, the results of the grinding experiments and
their discussion after grinding the AISI 4340 steel with CBN
wheel under various cutting conditions and various cooling-
lubrication techniques with and without cleaning of the grind-
ing wheel are presented.

3.1 Surface roughness

The roughness analysis is important since the surface finish
significantly affects workpiece fatigue strength when subject-
ed to forces [4]. The superficial finish of the parts is directly
related also to other material properties, such as friction coef-
ficient, abrasion, lubrication capacity, thermal conductivity,
mechanical resistance, among others [16]. Figure 2 compares
the mean values of the Ra parameter (um) obtained after
grinding with a CBN grinding wheel under different
cooling-lubrications techniques, with or without cleaning the
grinding wheel surfaces, for the three feed rates analyzed.

Fig. 1 Positioning of the
cleaning nozzle [8]

Cleaning nozzle

@ Springer

As it is shown in Fig. 2, roughness values increased with
feed rate as expected, regardless the cooling-lubrication tech-
nique employed and the use of cleaning system. This is due to
the fact that the higher the feed rate, the higher and faster will
be the advancement of grinding tool against the workpiece.
This results into a greater amount of material being cut from
the surface of the workpiece. And also surface roughness in-
creases due to the higher cutting forces produced by the fast
advancement of the tool making vibrations to occur which
deteriorates the surface finish [17].

It can be seen from Fig. 2 that the increase of water amount
in the MQL flow improved surface roughness, regardless the
feed rate, due to the overall lower viscosity. Wheel clogging is
more prone to happen with pure MQL oil; in other words,
when using MQL without water, the high viscosity liquid flow
inside the MQL finds more difficulties to remove the chips,
increasing the probability of workpiece scratching. Low vis-
cosity oils (or oil plus water) have better penetrability at the
cutting zone. When high viscosity fluids are used, the chips
easily adhere to the wheel and produce more grout [18].
Cutting fluids strongly influences chip formation, since lubri-
cation reduces friction and cools the cutting zone [7]. When
lubrication is increased, plastic deformation decreases under
the cutting edge of the abrasive grains, resulting in lower sur-
face roughness. When friction is reduced, overall heat

AW

Workpiece

Grinding wheel
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Fig. 2 Average surface 3
roughness (Ra) for each condition
tested

2.5

N

Suface roughness (um)
- &

0.

. B
0.5 T
ur
i
0
25

= MQL without cleaning
MQL with cleaning

B MQL with water (1:1),
without cleaning
MQL with water (1:1),
with cleaning
MQL with water (1:3),

T I without cleaning
1 B MQL with water (1:3),
with cleaning
. I I MQL with water (1:5),
oy T T . .
I 1 W|thouF cleaning
I MQL with water (1:5),
IT with cleaning
I B Conventional flood
coolant
0.7

0.50 5

Feed rate (mm/min)

generation is also reduced. The use of integral oil in MQL
harms efficient fluid penetration and, therefore, increases
clogging. In other words, the supposed better lubrication pro-
vided by the high viscosity oil did not occur, when compared
to MQL with water, because the fluid did not penetrate effi-
ciently at the cutting zone. However, when a great amount of
water is used in MQL, as the fluid penetrates at the cutting
zone, lubrication occurs, even with less amount of oil in the
fluid. Water thus reduce the overall viscosity and promote a
more efficient lubrication, reducing surface roughness.

With regard to the wheel cleaning, roughness values de-
crease with the use of the wheel cleaning system for all situ-
ations. This is because the cleaning of the grinding wheel
surface is able to minimize the clogging of the wheel caused
by the chips and, therefore, to reduce surface roughness.

Figure 3 presents wheel clogging for the most critical con-
ditions: MQL without water and MQL with water 1:5, using
the highest feed rate (0.75 mm/min), both without wheel
cleaning.

It can be seen in this figure that the wheel used with MQL
without water is full of chips adhered to it (shiny points in the

Fig. 3 Wheel clogging for a
MQL with water 1:5 and b MQL
without water, respectively, for
0.75 mm/min (without wheel
cleaning)

picture). This result confirms that without the use of com-
pressed air to clean the wheel, clogging occurs severely, and
consequently, the results of surface roughness are worsened,
for any of the tested feed rates. That occurs because the ma-
chined chips which clog wheel scratch against the workpiece.
Cleaning by compressed air, however, promotes wheel
cleaning by removal of the clogged grout (chips+MQL oil),
reducing surface roughness. This result agrees with the results
of da Silva [15]. For all tested feed rates, the increase of water
amount in the MQL flow decreased the difference between
surface roughness results with and without wheel cleaning,
minimizing the influence of compressed air wheel cleaning.
Therefore, when using lower amounts of water in MQL oil,
wheel cleaning becomes even more necessary.

The conventional limits for surface roughness in grinding
are 0.02-1.6 um (Malkin, 2008). Then, conventional MQL
(for each feed rate) and MQL with water (1:1) (0.75 mm/
min), both without cleaning, should not be used. Regarding
the other cooling-lubrication techniques, as the water content
increases and lower feed rate values are used, wheel cleaning
by compressed air becomes less necessary. Consequently, the
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most adequate grinding condition in terms of workpiece sur-
face roughness using MQL was obtained for MQL with water
(1:5) with 0.25 mm/min (with cleaning), since it presented
results of surface roughness much lower than the usual values
demanded for grinding process and close to conventional
flood coolant, which still is the best condition when low value
of surface roughness must be reached.

3.2 Roundness errors

Figure 4 presents the mean values of roundness errors after
grinding with each tested condition. It can be observed that
roundness values increased with feed rate as expected, irre-
spective the cooling-lubrication technique employed and the
use of cleaning system. This can be explained by the increase
in equivalent chip thickness and the specific material removal
rate that occur with the increase of the radial feed rate which
also result in a surface finish impairment [19].

With increasing water content in MQL, heat dissipation
was improved and overall viscosity reduced, minimizing clog-
ging, as already cited. Additionally, the lower friction caused
by the better penetration of the fluid (even with lower content
of pure oil and, so, lower lubrication capacity) promoted lower
heat generation, reducing thermal distortions and roundness
errors. Thus, for lower water contents, wheel cleaning be-
comes even more necessary.

The behavior of roundness error values is similar to those
of surface roughness as shown in Fig. 4, that is the MQL
cooling-lubrication technique without water and grinding
wheel cleaning presented the highest values; while on the
contrary, the lowest values were observed for the conventional
technique. Results were substantially improved for MQL with
water, the best condition among those using MQL being MQL
with water (1:5), with wheel cleaning.

Fig. 4 Average roundness errors 1

for each condition tested
0.9

0.8

Roundness erros (um)

N

=
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0.4 " I
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0.25

MQL without water and MQL with water provided results
worse than for flood coolant, due to formation of grout, which
clogged the wheel pores. It increases friction between wheel
and workpiece and thus worsens the results for roundness
errors.

Flood coolant is still the most efficient method, since it
provided better cooling and reduced grout formation (as it is
usually observed in MQL). Thus, cutting zone temperature
was supposedly reduced, minimizing thermal distortions,
allowing for higher dimensional and geometric accuracy,
and consequently lower roundness error. However, several
conditions using MQL with water, especially with wheel
cleaning, presented roundness errors below 0.5 pm, even for
high feed rates.

According to Tawakoli [20], the conventional cooling-
lubrication technique (with flood coolant) is better in cleaning
the grinding wheel surface than the conventional MQL; there-
fore, the results obtained in this study are confirmed based on
this statement.

Similarly, as for surface roughness, wheel cleaning reduced
roundness errors, since clogging was reduced, minimizing
friction, heat generation, and thermal distortions.

For any feed rate, higher contents of water in MQL provid-
ed lower difference between roundness errors, with and with-
out wheel cleaning by compressed air.

3.3 Diametric wheel wear

Grind wheel wear is basically the frictional wear between
abrasive grains and the workpiece [21]. Various lubricating
fluids maintain a longer time of adhesion between abrasive
grains and binding agent by reducing the friction in the grind-
ing wheel/workpiece interface; this process effectively

I

I
L
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with cleaning
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coolant
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prevents the falling off of abrasive grains and further decreases
the grinding wheel wear [22].

The increased lubricity effect provided by the cutting fluid
reduces grinding wheel wear by decreasing grain-workpiece
and chip-bond friction, allowing abrasive grains to stay longer
attached to the bond [4].

Figure 5 shows the diametrical abrasive wear values mea-
sured in a CBN wheel after grinding the AISI 4340 steel with
each tested condition. From this figure, it can be seen that wear
increased with feed rate in all the coolant techniques
employed (with and without cleaning).

For lower heat dissipation at the cutting zone, higher losses
of wheel bond strength occur, increasing wheel wear.
Therefore, high mechanical loads and thermal degradation
cause the diametric wheel wear [4]. As water additions for
MQL provided higher cooling capacity, they also caused low-
er wheel wear.

Also for diametric wheel wear, in all feed rates, higher
contents of water in MQL provided lower wear values due
to increased cooling capacity. MQL without water, on the
other hand, provided the worst results, while MQL with five
parts of water and 1 part of oil was the best condition for MQL
with water. For flood coolant, higher wear values were
achieved when compared to MQL + water and wheel
cleaning, since no efficient fluid penetration occurs when
compared to MQL (with and without water). Thus, wheel
cleaning becomes necessary for MQL with water. Flood cool-
ant harms efficient penetration at the cutting zone increasing
wheel wear.

Without wheel cleaning, diametric wheel wear values were
higher. The difference between the wheel wear values with
and without cleaning was higher than for surface roughness
and roundness errors. In other words, wheel cleaning is even
more significant to reduce wheel wear, than to reduce surface

Fig. 5 Average diametric wheel 0.9
wear for each tested condition
0.8
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roughness and roundness errors. Moreover, the influence of
wheel cleaning on the wheel wear was even higher than the
influence of water presence in the MQL. This result indicates
that the scratch of the chips stuck to the wheel with the work-
piece is even more important for wheel wear than the better
cooling capacity of the MQL plus water.

MQL with and without water (without wheel cleaning)
increased wheel wear to values higher than those obtained
with flood coolant, since wheel clogging was more intensely
observed without wheel cleaning. This fact increased the me-
chanical and thermal loading on the wheel bond caused by the
scratching of the chips against the workpiece, which may re-
duce its strength and detach grains, thus increasing wheel
wear, since higher friction and heat generation are present.

3.4 Grinding power

Figure 6 shows the grinding power (W) obtained after grind-
ing under various conditions. In this case, the results are op-
posite to those obtained for roughness and roundness errors.
The more the water content in the MQL fluid, the higher was
the grinding power.

Also, from Fig. 6, it can be seen that the grinding power
increased with the increase of the fluid cooling capacity.
Therefore, the lowest power was obtained with MQL without
water and without cleaning, followed by MQL with water and,
at last, by flood coolant. This can be explained by the fact that
the more the cooling capacity, the lower the temperature of the
workpiece in the cutting zone, causing the material to be more
resistant and, consequently, more difficult to be removed by
the abrasive grains, what caused the grinding power to be
high.

The lowest values of grinding power observed for the
MQL technique in relation to the conventional one, according
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Fig. 6 Average grinding power 500
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to Belentani [10], are due to the fact that the MQL is able to
break up the air barrier built around the spinning grinding
wheel while this is not possible in the conventional technique
because of the low pressure applied to the coolant. Thus, the
compressed air has the capacity to promote a more effective
lubrication since it delivers the cutting fluid right into the
cutting zone. The grinding power increases with the increase
of the water amount in oil because of the lower lubrication
capacity of the water compared to the oil, and higher amount
of water implies in lower amount of oil when compared to the
conventional MQL.

Since the conventional cooling-lubrication method is more
effective in cleaning the grinding wheel surface and still pre-
sented the highest power values, it can be concluded that the
insufficient lubrication in the cutting zone consumes more
power than the friction between the chips and the workpiece
caused by the grinding wheel surface clogging [10].

Wheel cleaning always increased grinding power. One hy-
pothesis, to explain this occurrence, is that the incidence angle
of'the air jet (30°) created a reaction force on the wheel surface
that removed efficiently the clogged grout, but also created a
tangential component of this force against the wheel rotation,
increasing grinding power.

3.5 Optical microscopy and microhardness tests

The optical microscopy analysis showed that no surface burns
or tempering occurred on workpiece surfaces when flood
coolant was used. Moreover, the average microhardness
values obtained in the experiments with flood coolant for all
feed rates were 693.1 Knoop, close to the value obtained for
non-ground workpiece (711.8 Knoop).

For MQL without water and without cleaning, at the most
critical condition (0.75 mm/min), a white burn layer was

@ Springer

formed (Fig. 7). A value of 849.1 Knoop was obtained, higher
than 711.8 Knoop (non-ground workpiece) and 693.1 Knoop
(flood coolant). During grinding of quenched and tempered
steels, surface burns increase the workpiece hardness (Malkin,
2008), due to surface re-quenching, which is a consequence of
the temperature increase reaching re-austenitizing levels.
After that, with the quick cooling of the surface, formation
of hard non-tempered martensite occurs.

White burns are harmful to the workpiece due to surface
embrittlement and the increase of tensile residual stresses,
which makes the workpiece prone to cracking, reducing wear,
and fatigue strength [14].

For the experiments using MQL with wheel cleaning, the
average surface microhardness was 662.8 Knoop, even lower
than for flood coolant and for non-ground workpieces, prov-
ing that grinding on this case affected the surface integrity of
the workpiece, however, not to the point of causing surface
burns. Overtempering could have occurred, since surface tem-
perature was not high enough to austenitize the structure, but
enough for tempering the surface.

Fig. 7 Formation of white layer (MQL without water, without wheel
cleaning, 0.75 mm/min)—magnification x10



Int J] Adv Manuf Technol (2017) 90:329-338

337

Fig. 8 Optical microscopy for
MQL with water (1:5), without
wheel cleaning a x10; b x50

MQL with water (1:5) without cleaning (Fig. 8) promoted
strain hardening. A value of 745.8 Knoop was found, lower
than 849.1 Knoop (MQL without water, without wheel
cleaning). By increasing the amount of water, better cooling
can be achieved, reducing thermal damages. Since water has a
lower lubricating capacity than MQL oil, lubrication can be
less efficient, leading to strain hardening, thus increasing sur-
face hardness slightly. Also the scratching of the workpiece
against the wheel full of chips should have stimulated the
plastic deformation of the workpiece surface and, consequent-
ly, the strain hardening.

For MQL +water (1:5) with wheel cleaning and the other
conditions, no changes were observed, and no statistically
significant differences could be observed when compared to
the hardness obtained for the non-ground workpiece (which
was 711.8 Knoop).

With that, it can be inferred that if the condition possess
low cooling capacity and high level of wheel clogging (MQL
without water and without cleaning), re-quenching occurs
without tempering, and therefore, high hardness is obtained.
If both cooling capacity and level of clogging are high (MQL
with water 1:5, without wheel cleaning), temperature increase
is smaller, and re-quenching (austenitizing) of the surface does
not happen; however, overtempering occurs and the work-
piece loses hardness. When good cooling capacity is achieved
along with low level of clogging (MQL with water and wheel
cleaning), temperature does not rise exceedingly, and the
workpiece surface is not affected.

The best performance of the process, in terms of surface
integrity, can be achieved by combining both water in MQL
and wheel cleaning with compressed air. By using water and
compressed air separately, surface integrity is not assured,
since MQL with water does not provide efficient chip removal
(which improves lubrication), and MQL with wheel cleaning
does not provide efficient cooling, thus damaging the surface
and causing variations in hardness, by strain hardening or
overtempering. MQL without water and wheel cleaning is

therefore not recommended, since it can cause high hardness
and formation of white burns.

4 Conclusions
Based on the obtained results, it can be concluded that:

» For all the feed rates tested using wheel cleaning, increas-
ing water content in MQL + water can greatly improve
surface roughness and roundness errors, as well as wheel
wear, when compared to MQL without water (and without
wheel cleaning). For lower amounts of water in MQL oil,
wheel cleaning by compressed air is even more necessary,
in order to obtain better surface finish of the workpiece.

* Flood coolant is still the most efficient method, since it
provides higher cooling effect and reduces grout forma-
tion (usually observed in MQL). With that, lower thermal
distortions occur, allowing for higher dimensional and
geometric accuracy.

*  MQL (with and without water) demanded lower grinding
power values and the conventional technique the highest
values. When wheel cleaning was applied for MQL con-
ditions, grinding power increased due to increasing forces
on the wheel surface.

*  For MQL without water (without wheel cleaning), a white
burn layer was formed, with increased workpiece surface
hardness.

*  MQL with water and wheel cleaning with compressed air
can greatly improve the overall quality of the workpieces,
making it to be similar to that obtained conventional flood
coolant application. The obtained results can thus be of
benefit in advancing toward environmentally friendly ma-
chining and optimization of MQL application.
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