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Abstract

In the examination of Minimum Quantity Lubrication (MQL) in cutting process, it is necessary
to understand exactly the tribological characteristics of tool-work/chip interface, because it
reflects the cutting performance such as cutting force, cutting temperature, chip geometry
and/or morphology, and tool life. In the simplified cutting model, the friction coefficient
between the tool and chip is one of the fundamental parameters involving tribological
phenomenon. The study deals with the appropriate Finite Element Method to analyze the
capability of the Minimum Quantity Lubrication in turning process of mild steel base on the
experimental data. FEM analytical models are designed and executed using the application
package software DEFORM™-3D. In the meantime, orthogonal cutting tests of medium steel
JIS S45C is executed with the TiCN-coated cermet tool in order to obtain the involved
parameter to reduce speculation. Three significant variables: average Coulomb friction
coefficient; chip thickness and contact length: are obtained from the experiment. It is proven
that the DEFORMT™-3D software is capable to evaluating the influence of MQL with a good
degree of accuracy through the proposed FEM process. The influence of MQL onto turning
process of difficult-to-cut materials SUS316 is also covered by the thesis. New type of MQL
system is proposed. It is found that Extreme Cold Mist capable to improve the machinability of
SUS316 in term of cutting force, surface roughness and cutting tool temperature compared to
cutting process with dry method.



1.0 Introduction

Conventional wet cutting method has tended
to shift to dry or semi-dry cutting due to a
large amount of cutting fluid leads to the
increment of power consumption and
processing cost. In addition, the cutting fluid
by-product obtained from the process pollutes
the working environment that affected the
health of the machine operators. Therefore, the
development  of  Minimum  Quantity
Lubrication (MQL) machining is emphasized
in solving and containing these matters [1].

In MQL cutting, a very small amount
of cutting fluid is turned into fine oil mist, and
supplied onto the cutting point as semi-dry
processing, expecting the promotion of the
cutting performance of tools in terms of tool
integrity, product finish and  power
consumption. Approximately only 1/10000
fluid volume of that in the ordinary wet cutting
is consumed during MQL, which leads to
cleaning the working environment and
reduction of waste liquid that lessen the
overall processing cost [1]. Several researchers
have been done in identifying the effect of
Minimum Quantity Lubrication (MQL) during
cutting process [1]. It is proven that MQL
method can reduce the cutting force and
cutting  temperature, which leads to
improvement of the surface finish and
increment of tool life. However, it is still yet
hard to be understood on how lubrication
works during the cutting process because the
frictional contact mechanism between cutting
tool and workpiece/chip is considered as
complex

Previous researchers did several
studies in order to identify the parameters
involved during one cutting process and their
relationships between cutting performances [2-
7]. The finite element method analysis is an
important  research tool in  improving
manufacturing and industrial capability,
especially in mold making. However, it is
considered difficult to design a perfect
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Fig. 1 Overview of main process in
estimating influence of MQL by FEM

simulation model as the actual cutting process
because of its complexity.

In recent years, application of finite
element method (FEM) has become renowned
in simulating high speed machining. Finite
element method (FEM) is a numerical method
that separates a problem into smaller regions.
It is proven useful in saving the research cost
and time. In addition, it is capable to forecast
effects of cutting parameter such as cutting
force and cutting edge temperature [8].

This thesis touches about the
evaluation on the effect of MQL during cutting
process with the application of FEM, as well
as its efficiency in cutting difficult-to-cut
material.

2.0 Methodology

The methodology is divided into two
parts. The first part involves the application of
FEM in evaluating MQL, while the second
part explains the experimental procedure on
conventional turning process where several
MQL systems is applied and analyzed.



Fig. 1 shows the overview of main
process in estimating the influence of MQL
process specifically by FEM, regardless to the
lack of accurate information of material
deformation behavior. It is found in the study
that, FEM is incapable to estimate whole
parameter accurately simultaneously, whereas
it is found that it is not enough to simulate the
cutting under MQL behavior with just
frictional coefficient measured experimentally.
The process involves mathematical model in
calculating frictional coefficient to estimate
chip  thickness, which is  validated
experimentally and resemble the actual
lubrication phenomenon of MQL.

Based on the estimated chip thickness
by the first step, the actual simulation on MQL
will be executed with an appropriate FEM
model that applies frictional coefficient and
chip thickness. The accuracy of estimating the
deformation is important whereas mechanical
behavior of material is significantly related to
the thermal behavior in actual cutting process.

2.1A Orthogonal cutting experiment on the
effect of MQL

In this study, a pseudo orthogonal
cutting tests of mild steel, JIS-S45C are
carried out by OKUMA turning center, as
shown in Figs. 2a and 2b. The insert has 0°
rake angle and 10° clearance angle. In the
orthogonal cutting tests, cutting speed range of
50, 100 and 200 m/min and depth of cut of
a=0.3 mm (feed rate iny-direction is
0.3.mm/rev) are applied. The depth-of-cut
(feed rate) is more than 10 times larger than
the tool edge radius of 0.013 mm, which is
assumed enough to neglect the effect of tool
edge radius.

The orthogonal cutting conditions and
material properties are shown in Tables I and
I1. The cutting forces are measured by a strain
gauge type dynamometer. Chip thickness, tc
and contact length, I. between chip and tool
are also measured from the scratch mark left
on the rake face of the tool for each cutting
speed condition as shown in Figs. 3 and 4.
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In the experiments, both dry and MQL
assisted cutting tests are executed in order to
obtain the parameter variation. The MQL
outlet nozzle for orthogonal cutting is
designed so as to supply oil mist onto the
cutting edge accurately as shown in Fig. 2b.
Two types of oil mist are used based on the
variable composition between nontoxic
vegetable oil and water. The composition of
Oil-A is 99% vegetable oil and 1%water,
while the composition of Qil-B is 30%
vegetable oil and 70% water. Qil-A is supplied
at 30 mL/h, while Qil-B is supplied 100 mL/h
onto the tool rake face during the cutting
process to ensure equivalent lubrication
property, while Qil-B has additional coolant
property. The properties of the oil mist applied
in the study are summarized in Table I11.

In the study, mean cutting temperature
for each cutting conditions is measured with
the application of tool-work thermocouple
method, as shown in Figs. 5.

2.1B Finite Element Analysis on the effect
of MQL

In this study, FEM simulation models
in orthogonal cutting of mild steel, JIS-S45C
is designed on the application software
DEFORM™-3D, whereby the workpiece and
cutting tool geometries are designed and
simplified by the application of Computer-
Aided Design (CAD), as shown in Fig. 6.
DEFORM™ is a well-known commercially
available FEM tool, with one of the best in
graphical-user-interface (GUI), specialized in
simulating metal forming.

In addition, the FEM tool employs
Lagrangian formulation suitable for large
deformation, as well as capable of generating
specific mesh density for severe deformation
zone on the workpiece. In the simulation, the
FEM cutting tool is designed to resemble the
actual orthogonal cutting-tool geometry at the
cutting zone, with 0° rake angle and 10°
clearance angle. The effect of tool edge radius
is neglected, as the orthogonal cutting depth is

*All nodes and elements are z axis constraint
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Table | Cutting condition for orthogonal cutting and FEM

Cuting tool TiCN-coated Cermet
Workpiece JIS S45C
Cuttingwidth w [mm] 1.0

Depthofcut @ [mm] 0.5
Cutting speed v, [m/min] 50,100,200

Table 11 Properties of workpiece materials for FEM application

Material JIS S45C
Young modulus E [GPa] 212
Density p [kg/m?3] 7850
Vickers hardness HV0.3 [GPa] 1.96

Table 111 Properties of MQL oil and supply conditions

Cuting oil A B

Type Vegetable oil

Viscosity v [mm?/s] 37

Oil content [%] 99 30
Flow rate q [cc/h] 30 100
Oil pressure  p [MPa] 0.6




more than 10 times larger than the tool edge
radius in the equivalent experimental
procedure. In the analysis, workpiece is
designed to deform plastically, while elastic-
deformation of cutting tool is neglected due to
its large ratio of Young Modulus between the
tool and workpiece materials, thus cutting tool
is designed to be rigid. In the analysis, denser
mesh is formed at the tool-workpiece contact
where significant plastic deformation occurs.
Adaptive  meshing, ability to re-mesh
whenever tool and workpiece’s mesh
overlapping occurred is applied, and the initial
maximum number of elements in the tool is
10,000 elements, 50,000 elements for the
workpiece.

Fig. 7 shows mesh structure in FEM
model and all elements are constraints from
distorting on Z-axis for the workpiece to
deform in two-dimensional directions (X and
Y axes). The cutting condition and material
properties for FEM application are similar to
the orthogonal cutting experiment, as shown in
Table I and Table I1, respectively. In term of
designing a FEM model that can describes the
actual cutting process, Previous researchers
had applied average frictional coefficients, zavg,
based on Coulomb's law of friction calculated
by Eq. (1) from experimentally measured
cutting forces, into their FEM model, referring
to Fig. 8. It is assumed that the friction
coefficient has a direct relationship to the
actual friction phenomenon on the contact
zone during the cutting process [9].

In evaluating the effect of coolant, two
out of three zones of heat source are taken into
consideration in the FEM model. These zones
are primary zone (shearing deformation) and
secondary zone (frictional contact between
tool rake face and chip), as shown in Fig. 9
[25]. As the ratio between tool edge and
cutting depth are significantly large, the heat
generation on tertiary zone (frictional contact
between tool flank face and machined surface)
is neglected. Although the mechanism of MQL
during the cutting process is not yet fully
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Fig. 10 Boundary condition for
temperature analysis on MQL influence

understood and it is still incapable to simulate
the inhomogeneous properties of MQL mist,
following assumptions are made in order to
examine the influence of MQL during the
cutting process:

- Oil mist is completely covered the open
surface of tool, chip and workpiece to
the environment.

- MQL affects heat convection rate to the
environment properties during the
cutting process.

- The contacts between tool and chip and
tool and workpiece are thermally perfect,
having a large heat transfer coefficient
(1000 kW/ (m?K)).

- Thermal softening and hardening, as
well as phase transformation of chip and
workpiece are neglected.
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Table 1V: Heat transfer coefficients in FEM analysis

The boundary conditions and involved
coefficients for temperature analysis are
summarized in Fig. 10 and Table 1V,

Table V: Material properties stainless steel, SUS316

Materials SUS316

Young Modulus, E (GPa) 205
Poisson Ratio, ¢ 0.30

Thermal Conductivity, k (W/(m-K)) 17
Density, p (kg/m®) 8070
Volumetric Heat Capacity, ¢ 278

(105J/(m-K)) )
Hardness Vickers, HV, 3 (GPa) 2.2

Table VI: Main experimental cutting condition

Heat Dry 0Oil-A 0il-B
Transfer
Coefficient
Tool-Chip A [kW/(mz2K)] 1000 1000 1000
Boundary

Environment A [kW/(m2K)] 0.02 0.35 30

- The mean temperature estimated from
the contact zone, I between tool and
chip is calculated and compared to the
experimental results.

Cutting Speed 50 ~02502)n(1nn1q/)m|n)
Depth of Cut ;
0.3(mm/rev)
(F:?Jet(t::n Styvle Dry, Various types of dual spray
g sty MQL, MQL and cold air
Table VII Variation of MQL supplying system applied
MQ: Fluid '\tAQ: Fluid | O@
System P P fluid
Tvoe for rate for rate rate
P rake | (mUh) | flank | (mU/h)
(mL/h)
face face
Dry Dry - Dry - -
A Oil A 30 Dry - 30
B QOil B 100 Dry - 100
OilA | 30 cold - 30
air
Oil A 30 Oil B 100 130
Cold
E Oil A 30 air 100 130
+0il B
¢F0Dy) WMFDy) 4 u0y)
O F,(0ilA) O F(0ilA) & u(0lA)
® £, (01B) W F(0lB) & u(0iB)
.\x\
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Cutting speed v, m/min

Fig. 13 Relationship between cutting speed v
and cutting force F in various MQL methods



respectively.

2.2 Conventional turning process on
stainless steel SUS316 with Extreme Cold
Mist

In this study, specially designed
workpiece for optical fiber application in
temperature measurement is prepared, as
shown in Fig. 11. Cutting forces is measured
by a strain gauge dynamometer while cutting
temperature is measured by the two-color
pyrometer. In this study, stainless steel
SUS316 is selected as workpiece. Material
properties and main experimental conditions
are shown in Table VV and Table VI.

In this study, a system capable in
supplying several types of heterogeneous
Minimum Quantity Lubrication (MQL) cutting
fluids to the rake and flank surface of the
cutting tool are designed (Fig. 12). MQL with
lubrication characteristic is supplied onto rake
face of the tool by rake face nozzle. The
characteristics of cutting fluids applied in the
study and MQL systems are shown in Table
111 and Table VII.

3.1 Influence of MQL onto cutting force,
chip thickness and contact length behavior
in orthogonal cutting

It is observed in orthogonal cutting
process that both principal and thrust force
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Fig. 14 Relationship between cutting speed v.

and chip thickness tc and contact length I¢ in
various MQL methods

decreases as the cutting speed increases in
general (Dry, LB1-MQL (Oil A) and LB70-
MQL(Qil B)) as shown in Fig. 13. Similar
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Fig. 15 Relationship between cutting speed
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Fig 17 Relationship between cutting speed v
and mean cutting temperature 6, estimated by
FEM with pex and chip thickness tc input.



trend is observed for the relationship between
cutting speed and tool-chip contact length I¢
and chip thickness tcas shown in Fig. 14. It is
observed that both I. and t. decrease as the
cutting speed increases for dry and both MQL
cutting conditions. It is understood that cutting
force has a direct relationship to the cutting
load and contact characteristic, where lower
magnitude of cutting forces and size of contact
length and chip thickness is observed on the
application of MQL during the cutting process,
as shown in Figs. 13 and 14. It is assumed that
the existence of MQL molecule between tool
and chip contact zone is capable in reducing
the frictional stress, whereas the MQL
molecule is assumed to act as a roller or spring
like element.

Fig. 15 shows the relationship
between cutting speed and mean cutting
temperature measured by the tool-work
thermocouple method during dry and MQL
conditions. It can be observed that the cutting
temperature increases with the increasing of
cutting speed due to increasing cutting energy
regardless with the decreasing cutting force.
Meanwhile, cutting temperature in MQL
assisted cutting (Oil-A and Oil-B) is lower
than that in the dry cutting. It can be assumed
that, the existence of foreign substance (oil or
water molecule) between chip and tool surface
is capable to absorb or conduct the heat away
from the cutting zone.

Additionally, MQL assisted cutting
with Oil-B shows significantly lower cutting
temperature than Oil-A due to its water
composition as coolant, is assumed being able
to conduct the heat away with higher
efficiency. The experimental results will be
utilized in analyzing the efficiency of the FEM
model later in this study.

3.2 Validation of the influence of MQL by
FEM

MQL estimation FEM model is
executed with similar frictional coefficient
input, pn= Mexp. It is observed that the FEM

Model-B, as shown in Fig 16, estimates both
principal force Fp and thrust force F: with a
good degree of accuracy.

Fig. 17 shows the relationship
between cutting speed and mean temperature
at tool-chip contact estimated by the FEM
analysis. It can be observed that cutting
temperature increases as the cutting speed
increases, which has similar tendency to the
experimental results. It can be justified that the
FEM is capable to estimate the cutting
temperature in the orthogonal cutting process
with a good degree of accuracy when the
appropriate heat convection coefficient to the
environment with respect to the type of mist is
used as a cooling parameter.

This shows that MQL estimation FEM
model is capable to estimate the behavior of
MQL in term of lubrication and cooling effect
with higher accuracy when the MQL related
chip thickness data is available. However, the
method of limiting the node deformation
mathematically is considered invalid in term
of actual cutting process. Due to several
limitations such as accurate material
deformation model and contact heat transfer
coefficient, it is considered agreeable in
approximating the cutting behavior under
MQL influence.

3.3 Influence of MQL onto
machinability of Stainless Steel, SUS316

Figs. 18(a), 18(b) and 18(c) show the
relationship between cutting speed v. and
cutting force components: principal force Fp,
thrust force F, and feed force Fr during the
cutting process of stainless steel (SUS316)
with  TiCN-coated cermet cutting tool,
respectively. The cutting process involves
several types of MQL systems, for depth of cut
a=0.5 mm, and feed rate f=0.3 mm/rev
conventional turning process.

It is observed that the cutting force
decreases as the cutting speed increases. The
principal force F, decreases up to



approximately 50N with the application of
MQL Type A and E. Meanwhile, feed force Fs
and thrust force F; decrease up to nearly 30N
and 60N, respectively with the application of
MQL Type E. It is assumed that the oil mist is
able to penetrate the contact zone between
chip and cutting tool with high efficiency for
MQL system Type A and Type E, where the
systems are able to reduce principal force, Fy.

However, only MQL system Type E is
able to reduce feed force Fr and thrust force F;
with higher efficiency due to its ability in
reducing the temperature at the tool flank with
its extremely low temperature cold mist and
higher total fluid rate.

Fig. 19 shows the relationship
between cutting speed v. and mean surface
roughness, Ra (during the cutting process of
stainless steel (SUS 316) with TiCN-coated
cermet cutting tool in dry and MQL system
Type A, C and E under the cutting conditions
that depth of cut a=0.5 mm, feed rate f=0.3
mm/rev.

It is observed that the mean surface
roughness decreases as cutting speed increases,
meanwhile MQL system Type E shows the
lowest mean surface roughness followed by
MQL system Type C. It can be understood that
low temperature cutting tool with MQL
possible to increase the rigidity of tool by
lowering the temperature, mixed with
lubrication properties in MQL system Type E,
surface roughness can be improved.

Fig. 20 shows the relationship
between cutting speed v. and tool edge
temperature, 0 (during the cutting process of
stainless steel (SUS 316) with TiCN-coated
cermet cutting tool in dry and MQL system
Type A, C and E under the cutting conditions
that depth of cut a=0.5 mm, feed rate f=0.3
mm/rev.

It is observed that the cutting
temperature of Extreme Cold Mist system
shows the lowest tool edge temperature, up to
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100~150°C compared to dry cutting condition,
and up to 50°C compared to MQL system
Type C. It can be assumed that during the



Extreme Cold Mist system, the tool edge is
cooled by forced heat convection of extreme
cold air, plus with latent heat of oil mist
(Hydroscopic oil).

Additionally, in Extreme Cold Mist
system, the lubrication is improved and cutting
chip is discharge smoothly. Thus, it is assumed
that the temperature is reduced further by
stable cutting process, supported by tool edge
temperature results by MQL System Type A,
where only vegetable oil is supplied onto rake
face. In term of cutting efficiency, by taken
into consideration of the tool edge temperature
for cutting speed 200 m/min for MQL system
Type E (Extreme Cold Mist system), which is
700°C, the equivalent temperature for dry
cutting process is at the cutting speed of 50
m/min. Thus, the cutting efficiency with the
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application of MQL system Type E (Extreme
Cold Mist system) is 200/50 = 4.0 times higher
than dry cutting.

Together with the results of cutting
resistance, finish surface roughness, and tool
flank temperature, the best results are obtained
when Extreme Cold Mist system is applied
during the cutting process, where vegetable oil
is supplied on the rake face and combination
of Hydroscopic oil with Extreme cold air onto
the flank face.

Thus, it can be considered that MQL
system Type E (Extreme Cold Mist system) is
the best MQL system based on current study.

4.0 Conclusions

The conclusions in this thesis are
written in 2 parts, FEM evaluation of MQL
and Influence of MQL onto difficult-to-cut
material turning process.

4.1 FEM evaluation of MQL

A FEM model is designed in order to
simulate the cutting process with the
application of SFTC DEFORM™-3D and
orthogonal cutting process of the medium
carbon steel, JIS S45C.

1. Experimentally obtained data such as the
cutting force; average Coulomb friction
coefficient, pavg; contact length, Ic and chip
thickness, tc are utilized in validating the
FEM model accuracy.

2. The FEM model applied Arbitrary
Lagrangian-Eulerian (ALE) formulations
in estimating the chip deformations, where
pre-determined chip thickness equivalent
to the experimentally obtained data along
with Coulomb friction coefficient is
applied.

3. It is found that cutting force has a direct
relationship  with  Coulomb  friction
coefficient and chip thickness. This
phenomenon is proven by FEM where the
various Coulomb friction coefficient input
obtained from the experimental procedure



on various type of MQL, affected the
estimated cutting force.

4. The FEM shows significant accuracy with
the experimental results. The study shows
that FEM is able to aid in understanding
the influence of MQL during the cutting
process.

4.2.1 Influence of MQL onto turning
process

In this study, turning processing
experiments were conducted on stainless steel
(SUS316) with the application of various
MQL conditions. Cutting force was measured
and the effect of cold air was studied. Several
conclusions can be made as following.

1. Supplying vegetable oil to the rake face is
able to reduce principal cutting force
component F, up to 50N compared to the
dry type, whereas the vegetable oil mist
able to lubricate the contact surface
between tool and chip.

2. By supplying cold air (-13.6°C) +
hydroscopic oil (Extreme Cold Mist
system) at 100mL/h volume rate, the
system is able to decrease feed force F+
and thrust force F; component up to 30N
and 60N compared to dry type,
respectively.

3. By supplying cold air (-13.6°C) to the
flank face (Extreme Cold Mist system);
the finished surface roughness is greatly
improved compared with the dry type.

4. By supplying cold air (-13.6°C) to the
flank face (Extreme Cold Mist system),
cutting temperature is reduced up to
100~150°C compared to dry cutting
condition.

5. Application of Extreme Cold Mist system,
the effectiveness of cutting process is 4.0
times higher than dry cutting.

6. Based on the information obtained from
cutting force, finish surface roughness and
tool flank temperature, it can be concluded
that Extreme Cold Mist system is the best
MQL system in current study.
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