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Application viability evaluation of
the Minimum Quantity Lubrication
coolant technique under different
flow rates in Plunge Cylindrical
Grinding of the ABNT 4340 steel
with aluminum oxide wheel

Abstract

The coolant delivery technique known as Minimal Quantity Lubrication (MQL)
has been employed in machining since the end of the 20th Century and has gained con-
siderable evidence in the last years as a viable alternative to the use of the conventional
coolant technique (flood). Due to the low oil flow rate delivered by the MQL technique
in grinding operations, that generally varies from 20 to 240 ml/ h in relation to near
600,000 ml / h flow rate of the conventional coolant technique, the MQL technique
provides a reduced risk for human health and environmental damage associated with
the use, maintenance and disposal of cutting fluids. In this context, this study was
carried out to evaluate the application viability of the minimum quantity lubrication
coolant technique under different flow rates in the plunge cylindrical grinding of ABNT
4340 steel with an aluminum oxide wheel. Three flow rates were tested: 30, 60 and
120 ml/h. Grinding trials with the conventional coolant delivery method were also test-
ed for comparative purposes. The output variables used to assess the efficiency of the
MQL technique in this work are: roughness, roundness and hardness of the workpiece.
Grinding wheel wear and power consumption were also monitored. The results showed
that, despite the higher values of roughness and roundness of the workpiece, as well as
the grinding wheel wear, the values of these same parameters obtained after machining
with the MQL technique were close to those obtained after machining with the con-
ventional technique. No thermal damages and cracks on the machined surface, or even
below the machined surface, were observed after grinding ABNT 4340 steel irrespec-
tive of the coolant-lubrication condition investigated. The results showed that the MQL
with 120 ml/h can be an alternative coolant technique due to cleaner environment and
lower consumption of fluid in grinding under the conditions investigated in this work.

keywords: cutting fluid, MQL technique, flow rate, cylindrical grinding, alumina oxide
wheel, roughness, roundness, hardness, wheel wear.
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1. Introduction

A grinding operation is employed
in the machining process in order to
give the workpiece a combination be-
tween superior finishing (less than 1.6
pm) and accuracy IT3-IT6 (Malkin
and Guo, 2008). Nguyen and Butler
(2005) describe the grinding operation
as one of the finishing processes used
in machining, whereby the grinding
process involves low rate of material
removal by an abrasive tool compared
to the geometrically-defined cutting
edge process.

There are some particular char-
acteristics inherent to the grinding
process, for example, the intense in-
teraction between tool abrasives and
workpiece; they can promote thermal
damages by friction and plastic defor-
mation. In general, the great amount of
heat generated by the cutting action is
directed to the workpiece due to the low
thermal conductivity of conventional
abrasives at high grinding temperatures
and small sections of chips formed. If
the quantity of heat is not adequately
removed by a means such as cutting
fluid, the workpiece will be subjected
to thermal damages, where the most
common are: cracks, grinding burns,
microstructure alterations and residual
tensile stress (Marinescu et al, 2013).
The great amount of energy and high
temperatures which are constantly
involved in the grinding processes in-
fluence the properties (mechanical and
chemical) of abrasive grains; it may
result in a reduction of wheel service
life (Wang et al, 2015).

In addition, the excessive quantity
of energy generated in the grinding
process can cause tool distortion, and
it adversely affects the dimensional
accuracy of the workpiece and, con-
sequently, the quality of the finishing
operation is limited (Guo et al., 2005)
Thereby, cutting fluids are applied in or-
der to minimize the deleterious effects
caused by excessive heat in the cutting
zone (Irani et al., 2007). Coolants play
important roles in grinding, as they

2. Experimental procedure

The experimental trials were carried
out on a CNC cylindrical plunge grinding
machine (RUAP 515H model). Specimens
were manufactured in ring-shaped work-
pieces of AISI 4340 steel, quenched and tem-

can ensure cooling the workpiece and
lubrication of the contact zone between
workpiece and grinding wheel, as well
as removing and cleaning chips in the
cutting zone; as such, the service life
of wheel grinding is prolonged and the
quality of workpiece is improved.

Despite the fact that technological
advantages are evident with the us-
age of cutting fluids, some negative
effects have been discussed in recent
years (Dhar et al., 2006). Accord-
ing to Brinksmeier ez al. (2010), high
peripheral velocity and the fact that
fluids are pressurized into the cutting
zone under high pressure can produce
the occurrence of dangerous aerosols
that are hurtful to human skin and can
be inhaled. Moreover, not only is the
disposal of cutting fluid waste complex,
but so is their storage. The total cost
with cutting fluids (including storing,
filtering and disposal waste) in some
cases is more expensive than tooling
costs (Sanchez et al., 2010).

Aiming to substantially reduce
the consumption of cutting fluids and
their risks to human health, as well as to
decrease environmental impacts caused
by the conventional machining process,
the Minimum Quantity Lubrication
(MQL) technique was developed. In
fact, the Minimum Quantity Lubrica-
tion (MQL) technique is an alternative
to conventional application of cutting
fluids. The method basically consists of
lubricating oil with compressed air flow
resulting in a mixture which is delivered
directly into the grinding region. The
application of this cooling-lubricating
method avoids the use of cutting fluid
by flooding the machining zone, reduc-
ing substantially the volume of cutting
fluid used (Obikawa et al., 2006). By
this way, it is mandatory that the mini-
mum quantity of lubricant promote a
decrease of friction, avoiding material
adherence. Since this technique involves
a low quantity of lubricant and com-
pressed air flow, a mist of oil and air is
created in the wheel-workpiece inter-

pered (697 HV), with dimensions of 54mm
+0.1mm outer diameter, 30x0.1mm internal
diameter, and 4+0.1mm thickness. A white
aluminum oxide abrasive wheel with 355.6
mm outer diameter, 127 mm internal di-
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face. When the lubricating technique
does not suitably remove the heat gener-
ated from the cutting zone, risks to tool
and workpiece integrity are increased
due to high temperatures in the cutting
area which are related to a grinding
process with use of conventional wheel
grinding (Oliveira et al., 2012).

Moreover, numerous works and
experiments indicate the MQL cool-
ant technique cannot only improve the
grinding properties under particular
experimental conditions, but also
can ensure better lubrication than
the conventional coolant delivery
technique. The most important fact
about this technique is the substantial
reduction of the coolant volume or
flow rate employed (600,000 ml / h to
240 ml/h, which represented a drop of
99.96 %), whereby hazards to employee
and environment are reduced (Zhang
et al., 2015).

In order to explore the potentiali-
ties of the MQL technique for a cleaner
machining, lower costs and decrease
of risks to human health and environ-
ment, this work aims to evaluate the
application viability of the minimum
quantity lubrication coolant technique
in the plunge cylindrical grinding of
ABNT 4340 steel with an aluminum
oxide wheel under different cooling-
lubrication conditions. In this way, the
main purpose of this work is not only
to substantially reduce the volume of oil
employed by conventional technique in
grinding process, but also the propose
consists of reducing the volume of oil
employed by the ordinary MQL tech-
nique (240 ml/h). The MQL technique
tested involved three different flow
rates which were proposed (30, 60 and
120 ml / h) and were compared with
the conventional application of cut-
ting fluid. All the coolant techniques
were evaluated by measuring the fol-
lowing output parameters: roughness,
roundness, micro-hardness of the
workpiece, grinding wheel wear and
power consumption.

ameter, 25.6 mm width, and vitrified bond
was used in the grinding tests. The grinding
wheel was produced by NORTON Co. A
summary of the machining conditions em-
ployed in this work is presented in Table 1.



Table 1
Grinding conditions.

The MQL system used was inte-
grated with the following components:
air compressor, pressure controller, flow
measuring device and mixer nozzle. The

Figure 1
Experimental setup.

Grinding process

Rafael Lemes Rodriguez et al.

External cylindrical plunge grinding

Grinding wheel

38A150L6V

(white aluminum oxide grinding wheel with vitrified bond)

Cutting speed (v,)

30m/s

Radial feed rate (v,)
(specific material removal rate)

0.50 mm/min (1.41 mm?/s))

Work speed (v, )

v,=0.58 m/s

Effective depth of cut (a,)

a,=12;2.5;3.7 pm/rev

Cooling-lubrication conditions

Conventional technique (flood coolant),
MQL technique with different flow rates (30, 60 and 120 ml/h)

Conventional coolant

Water miscible - Semi-synthetic vegetable oil
(at a concentration of 2.5%) - ME-2 produced by Quimatic

MQL oil

100% vegetable, biodegradable with viscosity of 70 centistokes
(25°C) - Accu-Lube LB 1000 produced by ITW Chemical

Air pressure in MQL

0.6 MPa

Workpiece material

AISI 4340 steel, quenched and annealed (60 HRc - 697 HV)

Dresser

Diamond cluster - volume of 15 mm x 8 mm x 10 mm

Dressing depth (a,)

a,=0.200 mm (50 cycles - 0.004mm for each cycle)

Sparkout time (t,)

t =8s

s

Dressing speed (v,)

740 mm/min

pulsating system was comprised of a built-
in intermittent oil supply, which allowed
the separately controlled the flow rate
of compressed air and lubricant fluid.

MQL Nozzle

| Grinding
{ / Wheel
T

»

iee.

———

v

- -

3 Workpiece
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A turbine flow meter was used in order
to monitor the compressed air flow rate.
Figure 1 shows the physical picture of the
experimental setup.
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The surface roughness Ra param-
eter was measured using Taylor Hobson
Surtronic3+ portable stylus instrument.
The measurements were taken using a
cut-off of 0.25 mm and 1.25 mm sam-
pling length. The measurement results
correspond to the average of readings in
three different positions (120° spacing)
for each workpiece under the same cool-
ing-lubrication condition. Similar to the
methodology for measuring roughness,
roundness error measurements were
obtained in all experiments with the aid
of a Taylor Hobson Talyrond 31C de-
vice. This equipment has a mobile arm
supplied by a ruby ball which touches

3. Results and discussion

the workpiece in order to obtain the
roundness error value.

The measurements of the work-
piece were taken in a micro-hardness
tester from Mitutoyo, HM-211 model.
Aload of 300g during 40 s was used for
a better view of indentation. With the
purpose of examining the occurrence
of possible alteration in the microstruc-
ture, the specimens which presented the
lowest standard deviation for roughness
and roundness were assessed by opti-
cal microscopy (Olympus BX-51) with
500x magnification.

In terms of wheel wear measure-
ments, a cylindrical AISI 1020 steel
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workpiece was used for printing the wheel
profile. This technique is widely employed
because the profile produced in the wheel
surface during the grinding experiment
can be printed on the soft steel cylinder.
The diametrical wheel wear was measured
via profile projection and measurement
with the aid of surface roughness meter
software (Taylor Hobson TalyMap).

Grinding power was monitored
through energy consumed in the grind-
ing machine axis by a sensor placed on
the machine, which transmitted signals
to an A/D board, and then data were
read in a computer, using the National
Instruments LabVIEW.

In this session, results and discussion are presented for the output variables previously mentioned.

3.1 Surface roughness

Figure 2 compares the mean values
of the Ra parameter (um) obtained after
grinding under 4 different cooling-lubri-
cation techniques. It can be seen from this
figure that roughness values are lower in
the conventional coolant application when
compared with the results obtained after
machining under application of the MQL
technique. It is in contrast to results that
have been presented by Silva et al. (2013),
whose tests employed the same workpiece
material in similar grinding conditions,
with exception of the abrasive wheel (they
have employed a vitrified CBN grinding
wheel). The results obtained by the authors
showed a better MQL performance in
terms of superficial roughness due to a bet-

ter lubrication property of the oil delivered
into the wheel-workpiece interface.
Superficial finishing significantly
affects the fatigue resistance of machined
components; in special these are subject-
ed to work conditions with alternating
stresses and high temperatures (Malkin
and Guo, 2008). Thereby workpiece
roughness has a direct connection with
lubrication, depending on the shape of
the abrasive grain, as well as the dress-
ing conditions, feed rates, sparking time
and cooling-lubrication conditions.
Furthermore, in the machining process,
if lubrication and cooling aren't satisfac-
tory, excessive temperatures can cause
thermal damage to the workpiece, as

2.00

1.50

1.00

8 Conventional
MQL - 30 ml/h

Roughness (um)

| @MQL- 60 ml/h
8 MQL- 120 ml/h

0.00 -

It can be seen from Figure 2 that
among the flow rates of coolant deliv-
ered by the MQL technique, the flow
rate 120 ml/h outperformed the other
ones in term of roughness results.
Malkin and Guo (2008) reported the
highest values for Ra parameter after
performing the grinding operation
with a flow rate of 30 ml/h. They
attributed this to a non-satisfactory
cooling-lubrication function in cutting

with this flow rate. By the fact that
MQL with 120 ml/h flow rate pre-
sented lower roughness results in rela-
tion to those obtained for 60 ml/h and
30 ml/h flow, it can be inferred that a
combination between the considered
flow and aluminum oxide grinding
wheel helped in promoting better
evacuation of chips from the contact
zone, thereby preventing the occur-
rence of wheel clogging (Marinescu
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well as burns, microstructural alteration,
residual tension, geometric errors and
quality deterioration of final workpiece
produced. In the case presented herein,
it can be inferred that plunge cylindrical
grinding of the ABNT 4340 steel grade
via the Minimum Quantity Lubrication
(MQL) coolant technique represented a
less satisfactory condition when related
to the conventional coolant method, but
results obtained in 120 ml/h MQL ap-
plication were close to the conventional
one. Moreover, all the roughness results
were lower than 1.4 pm, below the stipu-
lated rejection limit of 1.6 pm for the
grinding operation commonly reported
in literature.

Figure 2

Surface roughness Ra parameter

(um) obtained after grinding the

ABNT 4340 steel under different
cooling-lubrication techniques and flow rates.

et al., 2007). According to Oliveira et
al. (2012), chips at high temperatures
which are generated in the grinding
process have a high tendency to lodge
into the pores of the grinding wheel.
By non-occurrence of the wheel clog-
ging phenomenon in relation to MQL
with 120 ml/h flow rate, this flow was
related to the closest Ra parameter
value in comparison to the conven-
tional coolant technique.



3.2 Roundness
Figure 3 presents the mean values of
roundness errors (in pm) after grinding

Figure 3

Roundness errors after

grinding ABNT 4340 steel under different
cooling-lubrication techniques and flow rates.

As can been seen from Figure 3,
the lowest roundness error was recorded
after machining under the conventional
coolant technique. Roundness error is
directly related to grinding conditions,
also thermal damages, mechanical loads,
cutting fluid flow and pressure. Round-
ness error indicates variation of work-
piece geometry. A machining process
with high generation of heat can promote
dimensional and geometrical variation
on the workpiece (Hadad et al., 2012).
Machining with the conventional cool-
ant technique exhibits the highest refrig-
eration capability to remove heat from
the cutting zone in comparison with
the MQL technique, which employed
the lowest amount of neat oil. Ding et

test under each cooling-lubrication condi-
tion which was employed.

Rafael Lemes Rodriguez et al.

8 Conventional

8 MQL- 30 ml/h

_10.00
S 800 T
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S 400
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al. (2014) also found reported that the
conventional cooling-lubrication method
was more efficient than the MQL tech-
nique in cleaning the wheel. Similarly,
as for surface roughness, the higher the
volume of cutting fluid applied, the more
effective was the wheel cleaning, reduc-
ing roughness and roundness errors. The
behavior of the roundness error curve
is similar to that for surface roughness
(Fig. 1). With regard to the MQL tech-
nique, in special, the lowest roundness
errors were recorded after machining
with the highest flow rate of 120 ml/h
flow, being followed by 60 ml/h and 30
ml/h. During the grinding process, lower
dissipation of heat occurs in the cutting
zone due to the reduction of the amount

3.3. Diametrical wheel wear and grinding power

Figure 4 shows the diametrical abra-
sive wear values measured in the aluminum
oxide grinding wheel after grinding the
AISI 4340 steel for each tested cooling-
lubrication condition. It can be seen that
wheel wear values were lower after ma-
chining under the conventional coolant

Figure 4

Diametrical wheel wear

after machining after grinding

ABNT 4340 steel under different
cooling-lubrication techniques and flow rates.

According to Silva ez al. (2007), dia-
metrical wheel wear is lower since cooling-
lubrication is increased by the cutting fluid
action. In fact, the decrease of friction
among abrasive grains, workpiece and
chips permits abrasive grains to stay longer
attached to the bond, minimizing wheel
wear. Besides, diametrical wheel wear is re-
lated to the following two causes: thermal

delivery method. Again, this condition out-
performed the MQL technique, irrespec-
tive of the flow rate employed, similar to
results obtained in terms of roughness and
roundness (as shown in Figures 2 and 3, re-
spectively). When the MQL technique was
employed, it was observed that the higher

of cutting fluid, and consequently, ther-
mal expansion of workpiece results in
higher roundness errors (Fusse et al.,
2004). Therefore, based on the results
obtained for roundness errors, it can be
concluded that machining with the MQL
with flow rate of 120 ml/h outperformed
the other flow rates.

Furthermore, machining with MQL
and flow rate of 120 ml/h provided supe-
rior tribological properties in cylindrical
grinding of the ABNT 4340 steel under
the conditions employed in this work.
Therefore, the chip removal capacity was
more efficient than that observed by the
two other flow rates of fluid (30 ml/h and
60 ml/h) delivered by MQL, which were
impaired by wheel clogging.

the flow rate, the lower was the diametrical
wheel wear. This trend allows inferring
the coherence among results for wheel
wear, roundness and roughness, since the
highest roughness values correspond to the
machining condition that presented the
highest diametrical wheel wear.

8 Conventional

SMQL - 30 mi/h

Diametrical

wheel wear (um
(o)}
o

_ @MQL- 60 ml/h
7 — o MQL- 120 ml/h

deterioration and high mechanical loads
to which the grinding wheel is subjected.
According to Walker (2013), optimization
of the MQL technique is recommended for
jobs that are repeated or that are run for a
long time, like in the grinding operation,
for instance. This author also states that
one of the advantages of this method is
flushing of swarf away from the grinding
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zone, thereby avoiding gumming,.

From Figure 3, it can be observed
that behavior is very similar to that record-
ed for diametrical wheel wear, roughness
and roundness. Furthermore, the more the
flow rate of the fluid increased, the less the
grinding power consumed. This can be
attributed to the superior cooling capac-
ity of the conventional coolant method
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to remove heat from the wheel-workpiece
system. When the lubrication which is gen-

erated by the cooling-lubrication technique
is reduced, cutting forces between wheel

500 _

5 m Conventional

g 400 T

® -

€ 5 a0 7} S MQL- 30 ml/h

__§ < 5004 \ % 2MQL - 60 ml/h

'6 100+ 7 8MQL- 120 ml/h
0_

Barczak et al. (2010) carried out
a study in plane surface grinding with
different coolant-lubrication techniques
(conventional (wet) and MQL) of several
steels grades with alumina wheel and
reported that the MQL technique outper-
formed the conventional method in terms
of cutting forces and grinding power. The

MQL technique yielded the lowest forces,
about 42% lower than for conventional
method. They attributed this fact to the
results of hydrodynamic effects increas-
ing power consumption when machining
under the conventional coolant method
and the improved lubrication properties
of the MQL oil.

3.4 Optical microscopy and micro-hardness

Aiming to detect possible alteration
of workpiece microstructure after a grind-
ing process under different conditions of

As can be observed in Figure 6, no
surface burns or tempering occurred on
the surfaces and sub-surfaces of the ground
materials, irrespective of the coolant-
lubrication technique employed. According
to Klocke et al. (2005), non-occurrence
of microstructural alteration is a crucial
requirement for industries, since the fol-
lowing parameters are guaranteed such

cooling-lubrication techniques, the optical
microstructure and micro-hardness analy-
sis was carried out for one specimen from

as: microstructural quality, mechanical
properties of project and machining ef-
ficiency. Furthermore, this practice allows
avoiding economic loss because of the fact
that grinding is the final process in the
productive cycle.

Figure 7 shows the Vickers micro-
hardness results recorded as a function
of each cooling-lubrication condition

e=t== Conventional

=== S| MQL 30 ml/h

=== SL MQL 60 ml/h

o o o N
o N © =
© o 9o 9
© o o o

=== S| MQL 120 ml/h

Microhardness (HV)

60 120 180

240 300
Distance from ground surface (um)

T 1 == Reference value prior
to grinding
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and workpiece increase, and more power
is required to perform cutting.

Figure 5

Grinding power consumed during grinding
ABNT 4340 steel under different cooling-
-lubrication techniques and flow rates.

The results which were obtained for
grinding power were associated with the
ones related to diametrical wheel wear,
and ratifies the fact that the higher re-
cordings for grinding power are inherent
to the tests which presented the higher
values for diametrical wheel wear, since
they involved higher mechanical stresses.

each condition tested. The microstructure
obtained for each condition tested is
shown in Figure 6.

Figure 6

Micrographs of workpieces

after grinding under: a) conventional
coolant technique; b) MQL technique with
30 ml/h; ¢) MQL technique with 60ml/h
and d) MQL technique with 120 ml/h.

employed. Considering that the reference
value for micro-hardness measured prior
to grinding trials is near 697 HV, it can be
seen from Figure 7 that workpieces expe-
rienced a slight drop in hardness up to 60
pm at a depth below machined surface for
all the conditions investigated in this work.
The highest drop in hardness was observed
after machining with the MQL technique

Figure 7

Micro-hardness below the

ground surface after grinding

ABNT 4340 steel under different cooling-
-lubrication techniques and flow rates.



using 30 ml/h. Since thermal damage
can be characterized as microstructural
alterations, when altering the mechanical

4. Conclusions

The following conclusions can be
drawn from this research:

e Considering the quality param-
eters of roughness and roundness, the
MQL technique showed performance
to be inferior to the conventional cool-
ant method. However, among the flow
rates tested for the MQL technique, 120
ml/h flow rate outperformed the other
flow rates due to the improved coolant-
lubrication properties. Results from this
condition were close to those recorded by
the conventional coolant method;
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